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Filial Report- Phase I 

This report contains information prepared by Texas Instruments under JPL subcontract. Its 
content is not necessarily endorsed by the Jet Propulsion Laboratory, California Institute of 
Technology, or the National Aeronautics and Space Administration. 


ABSTRACl 

This report describes the results of a predominantly experimental investigation made by 
Texas Instruments to develop a large-area charge-coupled device (CCD) imager for space 
photography applications. The levice developed under this phase of the contract, which will be 
referred to as Phase I and covered the period March 1974 to September 1975, was a 400 X 400 
resolution element CCD. In the initial period of Phase I, a smaller 100 X 160 array was designed 
and fabricated to allow development of CCD technology which was then applied to the large 
array. Ti e design used in the program was a three-phase buried-channel CCD, fabricated with an 
overlapping double-level metal electrode system. The CCDs were thinned and illuminated from 
the backsiue for maximum optical responsivity. Buried-channel operation provided charge-transfer 
efficiency greater than 0.9999. This resulted in excellent resolution capability at spatial 
frequencies up to the Nyquist limit at all elements of the 400 X 400 both near and f ar from 
the CCD output. Considerable development of CCD technology during this program resulted in 
400 X 400 arrays with dark-current density below 1 nA/cm 2 at 24°C. Extensive optical 
evaluation of the arrays was performed at 24°C and -40°C and covered the frequency range 
10 kHz to 1 MHz, depending on the particular parameter under investigation. 

Details of the design and processing required to achieve 400 X 400 imagers are presented 
together with a discussion of the optical characterization techniques developed for this program. 
A discussion of several aspects of large CCD performance is given with detailed test reports 
which have been delivered to JPL during the course of the program. The areas covered include 
dark current, uniformity of optical response, square wave amplitude response, spectral 
responsivity. and dynamic range. 
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SECTION I 
INTRODUCTION 

This report presents the results of a program funded by the Jet Propulsion Laboratory and 
performed by Texas Instruments over the period April 1974 to September 1975. The goal of the 
program was to develop a large-area charge-coupled device (CCD) imager for space photography 
applications. 

Two arrays were designed and fabricated during the program. Initially, a CCD with 
100 X 160 resolution elements was fabricated to allow the development of small resolution 
element (pixel) CCD technology. The experience gained with this array was then used to design 
and fabricate a much larger 400 X 400 element CCD. As a result of this contract, two types of 
CCD were made available to JPL. Operational CCDs, defined as not optically characterized in 
detail and fully characterized devices of both 100 X 160 and 400 X 400, were delivered. Three 
operational models of each of the 100 X 160 arrays and 400 X 400 arrays, three fully 
characterized 400 X 400 arrrays and three operational 400 X 400 arrays were delivered for JPL 
evaluation during the program. 

The device design chosen for this contract was the three-phase, double-level metal CCD, 
operating in the backside-illuminated mode. Backside illumination results in high and uniform 
spectral responsivity because incident illumination is focused on a uniform silicon backside 
surface rather than on a multilayered CCD electrode structure. Devices with high charge-transfer 
efficiency were achieved by operating in a buried-channel mode. The resolution element 
dimensions were 0.9 X 0.9 mil. using an active channel in the parallel section of 0.7 mil with 
0.2 mil channel stops and three aluminum electrodes, each 0.3 mil in width. With this resolution 
element si/e. the active area of the 100 X 160 is 90 X 144 mils and for the 400 X 400, it is 
360 X 360 mil. The large array is fabricated on a silicon chip which is 0.5 X 0.5 inch. 

This report is organized in the following way. In Section II the design of the 100 X 160 
and 400 X 400 arrays is discussed together with details of the on-chip amplifiers and the 
fabrication of photomasks required for device processing. In Section III device fabrication is 
discussed together with details of failure modes for large-area CCDs and consideration of material 
perfection and oxide integrity. Section IV presents a brief discussion of buried-channel CCD 
operation to allow an indication of potential profiles in these devices from which many 
buried-channel operating parameters may be predicted. The details of the optical characterization 
facilities developed during this program and a discussion of the measurements made on the CCDs 
are presented in Section V. In Section VI, performance characteristics of the 160 X 160 and 
400 X 400 arrays are discussed while results of the detailed test schedule applied to 


100 X 160’s and 400 X 400’s are included as Appendixes A, B, C, D, E. These test reports 
were delivered to JPL progressively during the program. 


The text of two technical presentations made during the course of the program and 
presented at the Symposium on the Scientific Application of CCDs in Pasadena and at the 
International Conference on CCDs in San Diego are included as Appendixes F and G. 

A study relating to the extension of CCD technology to even larger arrays than the 
400 X 400 and to extending blue response below 4000 A is reported in Appendix H. 


SECTION II 
DEVICE DESIGN 


A. THREE-PHASE ARRAY DESIGN 

Large-area charge-coupled device (CCD) imagers can be fabricated with any one of several 
existing technologies. 1 * 2,3 Since a completely sealed electrode structure is very desirable to 
optimize device electrical performance, many arrays use polysilicon electrodes that are 
sufficiently transparent to allow optical radiation to enter the active area of the CCD. Increased 
transmission through tin-indium oxide electrodes has also been observed. 4 However electrode 
absorption and interference effects related to the device structure itself can result in degradation 
of optical performance particularly at short wavelengths. Illumination of the CCD from the 
backside s eliminates this problem, but requires that the silicon chip be thinned over the active 
area of the CCD to a thickness less than one resolution element. For optimum performance, a 
thickness of 10 to 12 jum is used. The imagers fabricated under this contract were backside- 
illuminated, three-phase 6 (3$) CCDs fabricated using the double-level anodized aluminum 
technique. 7,8 A completely sealed structure with high charge-transfer efficiency (CTE) and 
optimum optical responsivity is obtained. In this section, the 100 X 160 and 400 X 400 arrays 
developed under this contract will be described. 

Both 160 X 100 and 400 X 400 imagers are n-channel, designed with a resolution element 
size (pixel) of 0.9 X 0.9 mil in the parallel imaging section. The maximum spatial frequency 
expected to be resolved by such a sampled imaging system is the Nyquist Frequency =21.9 line 
pairs per millimeter. The CCD concept is shown schematicaFy in Figure 2-1. An array of metallic 
transfer electrodes is formed over a Si0 2 gate oxide on a silicon substrate to allow charge to be 
transferred along the array. Charge packets (electrons) are held in depletion regions of each MOS 
capacitor as it is pulsed into depletion. Signal charge can be injected into the array by an n + 
diode or by optical radiation falling on the backside of the array. After a period of time 
sufficient for the collection of optically generated signal charge (the integration time), the 
packets are transferred by appropriate clocking pulses to the depletion region of a reverse-biased 
(n + ) output diode. The diode is connected to an on-chip amplifier. The silicon itself must be 
thinned over the CCD electrode region as shown in Figure 2-1 for high resolution since an 
excessive thickness of silicon will allow photogenerated electrons to diffuse in a lateral direction 
before collection in the potential wells of the CCD. Charge transport occurs at the junction of a 
shallow n layer and the p substrate to avoid surface-state transfer loss (buried-channel mode). 

An important feature of 30 design is that a given clocking phase occurs alternatively on a 
first-level and then a second-level electrode. First-level metal electrodes (shaded in Figure 2-1) are 
0.3 mil in width and :::e formed by wet metal etching techniques in the first electrode processing 
step. These electrodes are subsequently co-ited with an anodically formed layer of AI 2 Oj. 
Second-level metal electrodes, each of width 0.4 mil. are then defined as shown. To ensure a 
sealed structure, an overlap of 0.05 mil is designed. This leaves a gap of 0.2 mil which must be 
opened by second-level etching. The implementation of these design dimensions is illustrated by 
a photomicrograph of the 100 X 160 chip in Figure 2-2. The array, which parallel section 
measures 60 X 144 mils, is centered on a 320 X 325 mil silicon chip with bond leads extending 
about 90 mils. This is done to allow a thinning window much larger than the light-sensitive array 
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Sc of Backade- Illuminated, 3$, Double- Level- Aluminum CCD Imager 




Figure 2-2. Photam'mognph of 100 X 160 Imager 


dimension. Two sets of test devices (MQSH.Ts and capacitors) arc placed above and below the 
array. The organization of the array is serial-parullel-serial, which allows the input of electrical 
signals to the parallel section (Figure 2-3). 

A double-level aluminum metalization separated by 2500 A of A1 2 G, forms the 
charge-transfer electrode structure. Three-phase clocking is used so that, in both parallel and 
serial sections of the array, a given phase occurs alternatively on first-level and second-level metal 
electrodes.* The parallel section contains 160 columns and 301 metal transfer electrodes. This 
allows the last electrode at both the top and bottom of the array to be connected to the same 
clock phase (0 3 ), This featuo allows the array to be operated either forward, using the lower 
serial register and BSHA output (Section II. C), or reverse, using CCA output by simply 
interchanging connections to cfr, and 0 2 in the parallel section. Charge packets are transferred 
from <t > 3 parallel into the potential well under 0 3 in either of tire output serial registers. These 
output registers have 161 pixels so that the last serial electrode before the output gate is 6 : . 
Signal charge is collected through the de-biased output gale on the fall of 4>j (Section IV). The 
transfer gate region connecting serial and parallel sections is fabricated by a composite first- and 
second-level metalization. Charge is transferred through a 0.3 mil wide region 1.0 mil in length. It 
appears that this transfer results in no larger charge loss than is experienced in the normal Ci D 
transfer sequence. 

The 30 design is implemented by using interconnection between first and second metal 
levels in desired areas which have been prevented from anodizing by areas of photoresist. These 
areas are defined on a via mask. Since all first-level metal is connected through the metali/ed 
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Figure 2-3. Serial-Parallel -Serial Organization of 100 X 160 and 400 X 400 CCD 


scribe lines for the electrical continuity required in the anodization, desired regions are isolated 
by etching away at some of the unanodized via areas (bus cut mask). In simplified form these 
steps are shown in Figure 2-4 where the example is not intended to reflect any CCD 
configuration exactly but to illustrate busing three individual phases, 0^ to 0 N + 2 , from the same 
side of an electrode structure. The way in which a 30 structure is implemented in the 
160 X 100 and 400 X 400 imagers is shown in Figure 2-5 which is taken from a 500X 
Calcomp plot of the array itself. The parallel and serial regions are shown together with the 
composite transfer gate. The composite structure is dictated by the requirement that each 
channel in the parallel section transfers into the same serial phase. First and second levels are 
connected at the rectangular vias to form the composite. An earlier 30 array design (Conservative 
100 X 160) had a single-level transfer gate but required charge from the parallel section to be 
injected into 0 3 and 0 2 in the serial for adjacent channels. The technique used to connect the 
serial electrodes to the three phase buslines is shown in Figure 2-5. Bach electrode 0 n is 
connected at the via. This via is a region in which the first level is protected from anodizing by 
photoresist. This is subsequently removed and, when second-level metal is patterned, connection 
is made. Thus, all 0 n electrodes come out to single metalization leads. Connection to the outer 
busline is made on the first level while connection to the other two buslines are made by via and 
subsequent 'rotation by removal of metal in the diagonal shaded areas. These “bus cuts” are 
necessary to isolate the metal electrodes since all metal after first level patterning must be 
connected so that the electrical contact necessary for anodization can be made. An input diode 
is provided at the input ends of each serial register to allow injection of electrical signals. Busing 
of the parallel electrodes is done in the same way as for the serial registers. Redundant busing, 
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Figure 2-5. Schematic of the 3$ Interconnection Between Parallel and Serial Registers 


that is, a bus at each side of the parallel section is used to allow electrical contact to all 
electrodes even if there is a break in one of the parallel electrodes somewhere in the array. As a 
result, all metal is anodized. 


The 400 X 400 array was designed using essentially the same concepts as discussed above 
for the 160 X 100. There were, however, two points of departure -the first being that the 
BSHA and CCA amplifiers on the 160 X 100 chip were replaced by precharge outputs 
(Section *I.C.). The second unique feature of the 400 X 400 array is that the parallel section of 
the area is divided into four 100 X 400 sections by electrically isolating these sections on the 
array. Thus, there are <t > x , <t> 2 , 0 3 bond pads for each section. AU four 0 N leads can be joined 
externally to operate the full 400 X 400 elements or each section could be driven 
independently to lower the load presented by the array to the driving circuitry. The main 
motivation for the splitting was that in the event of a fatal defect in one section, the remaining 
sections can still be operated to obtain an increased number of operating CCDs to evaluate 
process variables and for other experimental purposes. If the sections are labeled A B C D, as in 
Figure 2-6, several possibilities would be: fatal defect in A would allow 120K imager; fatal 
defect in C and D would allow 80 K imager operating with top serial regjstei , etc. 

One technique of achieving an 800 X 800 size CCD array would be to use four operational 
400 X 400’s in a mosaic. While this would yield a considerable insensitive area if four devices 
were mosaiced without further processing, the ‘dead’ area could be reduced considerably if each 
400 X 400 was sawed close to two sides of the array as shown in Figure 2-6. To allow this 
possibility without further redesign of the array, all necessary bond pads to operate the array are 
positioned on two sides of the array (top and right side in Figure 2-6). A mosaic would now 
have 5 to 10 percent of its area insensitive to optical input. In the mosaic the readout direction 
of each array will not be identical but this should not be a particular problem. The problems will 
appear in thinning each individua 1 array with a 5 to 6 mil thick supporting strip along the two 
sawed sides of the individuals. 

A correlated clamp amplifier; similar in design to the CCA on the 100 X 160, is provided 
at the lower comer of the silicon chip for use with the 400 X 400. The input to this amplifier 
can be externally bonded to the video output of the normally used precharge output to obtain a 
clamped output directly from the chip. This amplifier has not been bonded in the arrays 
delivered to JPL. 

The serial-parallel-serial structure is used for the 400 X 400. This provides valuable 
redundancy if a defect exists in the lower output serial register since the array can be operated 
in the reverse direction using the upper register as a readout register. In fact, this is the main 
function of the upper register since buried-channel arrays do not require injection of any fat zero 
bias. 


The parallel imagining section of the 400 X 400 has 120! electrodes (400 1/3 pixels) and 
the serial registers have 1203 electrodes (401 pixels). The dimensions of the active area is 360 X 
360 mils and the array is fabricated on a silicon chip measuring 500 X 500 mils. Bond pads are 
approximately 50 mils away from the edges of the main array to allow about a 25 mil region 
outside this area to be thinned while the bond pads remain on the thick silicon rim. The oversize 
thinning window is required for good uniformity of the thin membrane over the light-sensitive 
area of the imager. A photomicrograph of the 400 X 400 is given in Figure 2-7. The 
implementation of the design discussed above is shown at higher magnification in Figure 2-8. The 
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contrast in color in this photograph between adjacent electrodes is due to the A1 2 0 3 layer on 
the first metal level. 

Experience with the small array indicated that a failure mode often observed was related to 
metal lead breakage in the region of the via connection (Figure 2-5) where each level should 
exactly overlap. Dimensional variations in photomasks often led to slight misplacement of these 
with respect to each other with resulting undercut by the second-level etch. Thus, the 
second-level electrode in this region was widened by 0.05 mil on each side to overlap the 0.3 mil, 
first-level lead. This provided improved reliability in this area and the ehange was incorporated 
into the 400 X 400 and, later, into redesign of the 100 X 160. 

High charge-transfer efficiency CCDs were achieved by using phosphorus ion implantation to 
achieve a 0.5 to 1.0 /am deep buried channel in nominally 10 to 15 ft cm p-type silicon. Typical 
arrays operated at 6- to 12-volt clocks with a CTE of >0.9999 (measuied in the serial register) 
with no intentionally introduced fat zero. Equally good parallel CTE is inferred from the square 
wave amplitude response data discussed below. Injection of electrical input at the top serial 
register confirm the high parallel CTE. The uniformly high resolution of the 400 X 400’s is 
extremely good and reflects excellent buried-channel operation. Consistent achievement of high 
CTE requires tight control over substrate resistivity and implant dose to achieve the desired 
channel. Any metalization defects also degrade CTE from the optimum. 

B. PHOTOMASK FABRICATION 

The design features described above must be transferred to working photomasks to allow 
device processing. The steps involved in this transformation are discussed in some detail in 
Appendix H. For the 100 X 160, a 2.5-inch-square reticle is generated, then reduced by a 5X 

high quality lens to form the final array dimensions. This array is then stepped to form the 

master photomask. Working photomasks are contact printed from the master to define the 
geometry on the masks. Twenty -five arrays appear on each photomask of which 18-20 can be 
used in 2-fnch silicon slice processing. A total of nine photolithographic steps are required foi 
the CCD process and exact registration of each level is required for high performance arrays. An 
additional mask was designed to allow protection ot the output amplifier from the 
buried-channel implant. The function of each mask level is 

1. Moat definition-p + channel stops and array isolation 

2. n + diffusion 

3. Contact windows to n + 

4. Contact windows to n + 

First-level metal 

6. Via 

7. Bus cut 

8. Second-level metal 

9. Protective oxide removal on bond pails 

Each level defines geometry which is transferred onto the silicon slice in a conventional contact 
alignment tower. 



Particularly tight tolerances are required on the masks to maintain the design electrode 
overlap of 0.05 mil. Also, overlap of serial electrodes with the p + regions are necessary to avoid 
gaps which could limit buried-channel operation. This overlap is also 0.05 mil. For the small 100 
X 160 it is possible to achieve the required overlap tolerances in the processed CCD with a 
reasonable degree of care in processing. Very high performance 100 X 160’s made at the end of 
the program confirm that the technology of photomask fabrication is sufficient to realize 
optimum performance from the 100 X 160 imager when using 2-inch processing. 

Initial 400 X 400’s were processed on 2-inch silicon which required 2.5 inch square 
photomasks. Problems of obtaining defect-free geometry, particularly in the channel stop and 
metal electrode photomasks, were magnified considerably by the increase of 10X in the area 
which contained the fine geometry. Two types of dimensional variability of the array as it 
appears on the master photomask and, hence, the working copies, are observed. These are 
dimension differences between each array on any given mask level and also between the array 
levels. These changes result from small differences at the step and repeat camera (Appendix H). 
Absolute positioning of the array on the masks by this camera is subject to a random 
(mechanical) error. Maintaining absolute positional accuracy for a 2.5-inch-square mask 
containing nine arrays is effected by runout errors and these are more significant for larger 
masks, e.g., the 4-inch-square masks used for 3-inch silicon slice processing. The large area of fine 
geometry in each 400 X 400 is subject to the presence of defects which, for example, join two 
adjacent electrodes on a metal level or block a parallel channel by allowing the p + /thick field in 
the narrow channel stops to bridge the channel. Hand correction of the reticle (5X larger than 
the final array) is performed to eliminate most of the defects. Similar work is carried out on the 
reduced arrays but this cannot be done readily because of the smaller size. As a result, the 
working masks have some remaining defects and further selection is made in the CRL processing 
area so that the sets of masks with the lowest defect density are used for slice processing. By 
using considerable care in processing, it was possible to fabricate the six bars on a 2-inch slice so 
that all electrodes overlapped as was intended. Alignment markers at each comer of all arrays on 
the photomasks allow rapid alignment of a level to the previous geometry on the silicon slice but 
in most cases the final alignment must be done by using the fine geometry features of the arrays 
themselves. 

During the program, processing on 3-inch-diameter silicon was performed. As indicated 
above, this requires masks to be fabricated on 4-inch glass plates with each mask now containing 
25 arrays. Since 21 of these can be used on the 3-inch silicon slice for processing, the 
requirements on perfection are still more difficult to achieve. It is impossible to achieve 
100 percent perfection and at least some of the 21 arrays will fail due to photomask defects. 
Nevertheless, the number of potentially good arrays which can be processed per slice is 
significantly greater on the 3-inch material. 

Microscopic inspection of photomasks for defects is even more important and more tedious 
than on the smaller masks. Nevertheless, it is necessary for the lowest defect density in the 
various process steps. 

C. ON-CHIP AMPLIFIER DESIGN 

Two different amplifiers have been used on the 100 X 160 imager. The amplifier at the 
output of the lower serial register is a balanced sample and hold (BSHA) while the upper serial 
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register output is from a correlated clamping amplifier (CCA). Design of the on-chip electronics 
assumed that the array would normally be operated in the forward direction (BSHA output) and 
the CCA design would provide both redundancy and information on low-noise, on-chip 
processing. Operation of these two circuits is discussed below. 

Because of the experience gained from the 100 X 160 array, a decision was made to 
replace the BSHA and CCA with two simple precharge outputs. This latter configuration does 
not require as many MOSFETs and was expected to provide somewhat greater reliability in 
fabrication and operation. This is an important advantage because of the size of the main array 
and the expected incidence of defects in the parallel section. A second advantage in removing the 
on-chip load MOSFETs was that the high on-chip power dissipation in both CCA and BSHA 
caused appreciable heating of thin membrane near the output corners of the array. This will be 
discussed in a later section of this report. 

1. Operation of Balanced Sample-and-HoId Circuit 

A schematic of this circuit is shown in Figure 2-9 and a photomicrograph in Figure 2-10. 
The odd-numbered MOSFETs form one complete sample-and-hotd circuit, and the even- 
numbered MOSFETs another. The circuits are laid out on the CCD chips as mirror images of 
each other to produce the most balanced responses possible. The input to one circuit is the 
output diode of the CCD. The input to the other is a nearby floating diffusion designed to have 
essentially the same impedance as the CCD output diode, and thus should have practically the 
same response to capacitively coupled and radiated clock feedthrough transients. The advantage 
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Figure 2-9. Schematic of Balanced Sample and Hold On-Chip Preamplifier 
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of this technique 9 has been noted in a recent article on noise from buried-channel CCDs. 
Outputs of the two balanced circuits may be connected to inputs of a differential amplifier, 
removing most of the clock feedthrough noise commonly present in CCD output signals. 

Operation of the half-circuit connected to the CCD is described below; operation of the 
other half will be identical, the function of MOSFET number N, where N is odd, being the same 
as that of number N+ 1. To begin one clock cycle, Q1 is pulsed on momentarily to precharge 
the output diode of the CCD to V RE |. . Q3 functions as a source-follower, with Q5 its load 
device. Q7 is the sampling gate, which at this time is held off. Q9 functions as the output 
source-follower, with Qll its load device. Sampled information is stored on the gate capacitance 
pf Q9. After Q1 has returned to its off state, the CCD is clocked to dump the next signal charge 
packet onto the output diode of the CCD, causing a voltage swing on the gate of Q3 
proportional to the quantity of charge in the packet. This voltage is followed by the source of 
Q3 and is applied to the left-hand diffusion of 07. After this voltage has stabilized, Q7 is pulsed 
on momentarily, charging the gate of Q9 to the same vo'tage. Q7 then remains in the off state 
until the next clock cycle, holding the signal voltage out of the circuit at a constant level. 

In actual implementation of the circuit, the gate of Q7 is fabricated as an overlapping 
three-gate structure, using the double-level anodized aluminum process. Only the center one of 
these three gates is pulsed; the other two are biased to an on state by applying the voltage, 
v gg • This arrangement reduces capacitive feedthrough of the sample pulse into the output 
signal. 

The sensitivity of the amplifier operating in the surface-channel mode is about 
0.5 pV/clectron. 

2. Operation of Correlated Clamping Circuit 

A schematic of the correlated clamping circuit is shown in Figure 2-11 and a 
photomicrograph of the device in Figure 2-12. The purpose of this circuit is to reduce the 
magnitude of “kTC” noise introduced at the output of the CCD, that is, noise resulting from the 
uncertainty in the voltage level to which the output diode of the CCD may be precharged prior 
to the arrival of a signal charge packet. The circuit function is based on the common television 
circuitry concept of dc restoration, whereby an ac-eoupled signal is periodically “restored,” or 
clamped, to a dc referenced voltage. The clamping operation consists of charging the coupling 
capacitor to a voltage which is the difference between the dc reieren :e voltage and the input 
voltage applied to the capacitor. The noise introduced by the dc restoiation process is just the 
uncertainty in the voltage to which a capacitance C may be preset, namely, \/kT/C. 

Use of dc restoration to reduce output noise in a CCD depends on performing the clamping 
operation in synchronization with the pulse sequence used to precharge the output diode of the 
CCD. Referring to Figure 2-11, MOSFET Ql is pulsed on momentarily, presetting the CCD 
output diode to V R ,.,. + AV, , where AV, is the deviation of the voltage from V REF resulting 
from kTC noise on the precharge operation. Q2 acts as a source-follower, with Q3 its load 
device. Once Ql has returned to its off state, the clamp gate Q4 is pulsed on momentarily, 
charging the coupling capacitor C to a voltage V r . If we assume for simplicity that the threshold 
voltage of Q 2 is zero and that the Q2-Q3 source-follower has unity gain, then V c will be given 
by 
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Figure 2-1 1. Schematic of Correlated Clamp Preamplifier 


V C = ^REF + AV, - V RES - AV 2 

where AV 2 is the deviation from V RES of the voltage on the gate of Q5 resulting from kTC 
noise on the operation of charging capacitor C. MOSFET Q5 functions as a source-follower with 
load device Q6. If its threshold voltage is assumed to be zero and gain of the combination to be 
unity, the output voltage after clamping will be V RES + AV 2 , independent of AV, . 

If now the CCD is clocked to dump the next signal charge packet onto the output diode, 
voltage on the gate (and source) of 02 will change by a voltage AV S proportional to the 
magnitude of the charge in the packet. As Q4 is now off, the voltage across C must remain at 
V c , so the gate (and source) of Q5 also change by AV S . The final outp\, voltage is thus V RES 
+ AV 2 + AV S , independent of AV,. Noise on the output signal is the tm* fluctuation in AV 2 , 
namely, \/kT/C. Noise introduced by the output diode precharge operation is the rms fluctuation 
in AV,, namely \/kT/C 0 , where C„ is the parasitic capacitance of the output diode mode. This 
component of noise is completely removed by the clamp circuit, so the noise voltage is reduced 
by the factor of \/C 0 /C. 

In actual implementation of the circuit on the CCD chip, C 0 is approximately 0.25 pF and 
C is approximately 25 pF. resulting in a noise voltage reduction by a factor of 10. In terms of 
absolute noise voltage, the rms kTC noise voltage on a 25-pF capacitor is approximately 13 //V. 
In terms of effective rms number of noise electrons at the output of the CCD, the noise resulting 
from the clamping procedure is approximately 20 electrons. 
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Figure 213. Schematic of Precharg* Output 
on the 400 X 400 Imager 


capacitance* of Q2. Charge appears at tile fail o 
a further decrease in the voltage level. V. at the 


Video output is taken directly from the 
source and an external load resistor 
(typically 4.7 kilohms) is connected between 
source and ground. The output node is 
precharged to a voltage close to V R() by 
turning on Qi with a preeharge pulse of 
0 ( > { . When 0p r n removed, the voltage at 
the gate of Q2 tails to a new level. 
V ri i V r " V due to the gate- source 
the 0s pulse on the CCD register and appears as 
follower gate. 


The sensitivity of this precharge amplifier is about 0.50 juV/eleetron. 
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The 400 X 400 array is also processed in CRL using, the same MOS process; seven devices 
are processed on each, slice (Figure 3-1). To increase the throughput of the 400 X 400, some 
processing was carried out on a 3-incls silicon MOS line outside of CRL. Correct design of the 
masks used for 3-inch processing allowed 23 devices on each slice. Two 3-inch 20-dice lots were 
processed in this facility during this part of the contract. Because of the location of the 3-inch 
processing, the process used for the 3-inch slices differed in several small details from that used 
in 2-inch processing. Differences in device operating characteristics will be discussed in 
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2. Definition of light-sensitive channels in parallel section -p, + boron diffusion in channel 
stops and area outside array 

3. Field oxidation -thick oxide over p + 

4. Phosphorus diffusion (n + ) for diodes and MOSFETs 

5. Nitride removal and gate oxidation over CCD channels 

6. Phosphorus ion implant and drive to form buried n-layer for buried channel 

7. Phosphosilicate glass (PSG) stabilization 

8. Contact windows to n + 

9. First level aluminum deposition and definition 

10. Via mask to protect areas from anodization 

1 1. Anodization of metal and subsequent bus cut to isolate metalization 

12. Second-level aluminum and definition 

13. Protective Si 3 N 4 overcoat layer. 

Also included are bulk gettering processes to reduce impurity concentration and so enhance 
bulk minority carrier lifetime. This step is essential if low dark current imagers are to be 
fabricated, especially if they are buried-channel CCDs. The processes used by Texas Instruments 
are such that at the end of this program a dark current density of less than 1 n A/cm 2 was 
measured in a 400 X 400 area imager. The results will be discussed in a later section in more 
detail. 

Many of the parameters involved in the CCD process, such as boron and phosphorus dopant 
concentration, diffusion conditions, and metal layer thicknesses, have been well determined and 
at the end of the program were not subject to significant change in slice processing. A 
considerable amount of study was devoted to optimum gate oxide growth. The present CCD 
process uses a wet/dry oxidation cycle. The use of this gate with the bulk gettering technique 
has resulted to date in the lowest dark current devices. Optimum buried-channel parameters to 
obtain good array operation were more difficult to determine because, while the other steps 
followed conventional MOS processing, the implant for the buried-channel had to be determined 
(as outlined in Section IV) and then implanted. The conditions for optimum implant, as judged 
by charge transport with high CTE, were determined during the 100 X 160 CCD development 
phase of the program. Of particular importance was the magnitude of the dark current observed 
in early buried-channel devices. This dark current was high (>50 nA/cm 2 ) and arose 
predominantly from bulk generation centers in the silicon. Bulk gettering techniques described 
below were essential in reducing the density of these centers. 

To determine the phosphorus concentration necessary to form the thin (~1 jum) n-layer at 
the surface of the p-silicon substrate, it is necessary to calculate potential profiles in the CCD. 
These potential profiles are determined by the doping concentrations in the n and p regions, the 
CCD electrode geometry and bias voltages applied to the electrodes, buried n-layer via n + 
diffusions and substrate. In addition to determining n-dopant concentration required, the results 
allow determination of optimum clock voltages and bias voltages for operation of the CCD in the 
buried-channel mode together with the distribution of signal charge in the buried channel. These 
calculations are presented in Section IV. 



In both 100 X 160 and 400 X 400 an implant mask was designed to allow the array to be 
implanted but to protect the amplifier MOSFETs on CCA and BSHA so they remained surface 
channel. However, in all cases the reset MOSFET was implanted. Generally, the amplifier 
MOSFETs were processed as surface channel to allow operation at lower V dd than is possible 
with buried-channel MOSFETs. It appears, however, that a B.C. MOSFET is characterized by 
lower dynamic noise than an S.C. MOSFET and also that the B.C. device is more resistant to 
ionizing radiation, such as gamma rays. These advantages probably outweigh that of operating 
the CCD at a lower V dd (20 to 24 volts versus 30 to 30 volts, respectively). 

For several slices of processed 160 X 100 devices, measurements were taken of the turnoff 
voltage of a test MOSFET across the slice. Generally, across a 2-inch-diameter slice, a variation of 
about 1 to 3 percent was observed in V T . This indicates the uniformity of the implant. Test 
MOSFETs were about 320 mils apart in this test and the results suggest that the implant will be 
quite uniform across the active area of a 400 X 400 (360 mil 2 ). No effects in the 400 X 400 
were seen to suggest that performance was limited by nonuniformities in implant. Also, the best 
400 X 400’s showed excellent CTE across the array, which, while not being a sensitive function 
of V T uniformity, does indicate that if any effect exists, it is not of importance. The high 
parallel and serial CTE is also evidence for the correct buried channel operating mode. 

Even if the device is implanted correctly, poor CTE can result from broken metalization 
leads. In the initial phase of the program, it was often observed that some of the metal 
electrodes in the serial register were broken at the place where first- and second-level metal were 
crossed (Figure 3-3). This was investigated by using a scanning electron microscope (SEM) in the 
voltage contrast mode. In these measurements, ac voltages are applied to the CCD electrodes 
while the device is under observation in the SEM. Contrast due to differences in the energy of 
secondaries, generated at metal with and without voltage, allows the direct observation of a 
broken bus line since the voltage is not applied to it or to electrodes beyond the break as shown 
in Figure 3-3. The SEM is particularly valuable in determining failure points and the 400 X 400 
design incorporated a somewhat wider second level electrode where it overlaps the vias on first 
level. This modification appears to stop breaks in the metal which SEM investigation showed to 
be higher than expected. Definition of etched metal edges is readily observed and allowed 
development of optimum sloping sides on the aluminum electrodes. An additional problem 
located by the SEM was cracking of the silicon nitride mask during the thick-field oxidation 
preferentially around the edges of the channel stop. This is avoided by optimum processing with 
the nitride mask and is an important consideration because of the rather narrow adjacent transfer 
gate region between parallel and serial registers. 



COLOR CONTRAST INDICATES THAT THE PARTICULAR 
PART OF THE SUBSEQUENT METAL BUS LINE 
IS BROKEN SO LINE AND 
ELECTRODES APPEAR DARK 


Figure 3-3. Voltage Contrast Mode of Operation for a CCD on a Scanning l ietiron Microscope 


\s indicated m Section 11 the arrays were designed with 0.05 mil overlap tit first- and 
second-level electrodes. While it is difficult to transfer this to a working photomask, it is even 
more difficult to transfer this design overlap to an etched metal pattern because of defects in 
photoresist and undercut by the TIL metai etch used to define the electrode geometry . Great 
advances in metal etching technique were made during this program. 


bach slice is done separately and continually evaluated during the cycle. Undercutting by 
the etch of the resist pattern is minimal 0,02 mil or less. The design of an additional 
photomask, which has an oversize electrode structure with 0.42 mil fingers and 0.1 8 gaps allows 
a second coat of resist and second etching to open any metal bridging that may remain after 
defining the first-level electrodes. This technique relics on the fact that a random mask detect in 
the fir .1 photomask will he very unlikely to overlay exactly with a defect on the second oversize 
mask. It is essential that the second mask he oversized to ensure protection of the alreadv 
defined electrodes across the total 400 X 400 bar because of errors in photomask registration 
across the bar. It is very difficult to apply this technique for a second etch of the second level 
metal because the design gaps are already only 0.2 mil. requiring tint the second mask have 
about 0.1 mil gaps. 
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8. FAILURE MODES FOR CCD IMAGERS 


After fabrication is complete, the devices on each slice are tested by a dc multiprobe (HSM) 
which applies test voltages to the bond pads, detects any accidental electrical connections and 
provides a computer printout of the failure and its position. For example. 0, may be connected 
to fj> 7 or an n*p diode may be showing 1 mA of reverse leakage, etc. 

The two most important failure mechanisms for the 30, double-level CCD are interlevel and 
intralevel metal shorts and pinholes in the gate oxide. These are indicated schematically in 
Figure 3-4. Because of the four-segment design of the 400 X 400 which allowed arrays between 
40,000 and 160,000 pixels to be tested independently for pinholes and metal shorts, data can be 
obtained on the area dependence of the defects. Data included the 16K 100 X 160 array and a 
smaller 64 X 64 array. The results can be given in a purely relative sense since any MOS yield 
data is proprietary. The loss due to pinholes increases with array area approximately as (area) 0 * 3 
over the range 0.02 to 0.83 cm 2 . Metal toss increases approximately as (area) 1 * 8 over the range 
0.083 to 0.83 cm 2 . 

Due to the design of a 3-phase, double-level CCD (Figure 2-1), the adjacent electrode fingers 
on each metal level are driven by different clock phases. Thus, bridging of two electrodes joins 
4> n to 0 n + ) and, since every fourth electrode is electrically connected, results in very' poor charge 
trans ■ ft. Thus, intralevel shorts are fatal Interlevel shorts, due to pinholes in the anodieallv 
* ' • ; . . levels, also occur. 1 .1,0, is ab* i 

2500 A in thickness and Is characterized by about S pinhole/cm 2 . Cleanliness during the 
chemical anodization process is essential for the lowest pinhole density. Since certain areas on 
the first level metal pattern are covered with resist (from the via photomask! to prevent 
anodization, it is essential that this via process step does not accidently put resist in the center 
of the array which must be totally anodized. If a central part of the array is covered it will not 
anodize (Figure 3-5) and will result in an interlevel short when the second metal level is 
deposited. Considerable care must be excereised at this point of the process. 

Several techniques were investigated to improve the dielectric integrity of the intereleetrode 
insulation. These included deposition of a second insulating layer, either plasma-deposited ALQ^ 
or Si 3 N 4 over the anodic layer. Measurements of the effects of these layers generally suggested 
lower pinhole density but difficulties were encountered because the additional films were 
deposited both on the anodic Al,0 3 and on the gate oxide exposed between the first-level 
electrodes. This resulted in electrical gate instabilities, high fixed charge and interface state 
density; therefore, the multilayer approach was not pursued. Comparisons made at Texas 
Instruments of intereleetrode isolation formed by anodized aluminum and by SiC 2 on poly- 
silicon electrodes did not indicate any significant differences. 
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detail through a microscope to determine the effeetivenss of the etching. It appeared that many 


bars could be made completely free of metal bridges which would give intralevel shorting. While 



between anodized and unanodized levels after second-level etch. 1'hese metal defects are the 
dominant failure mode for 400 X 400 arrays, 


The second failure mode is pinholes in gate oxide. These result in connection of phase 
electrodes to substrate and, if numerous enough, also show as metal shorts because two pinholes 
can connect two phase electrodes via the substrate (Figure 3-4). “Small” pinholes resulting in a 
lower phase to substrate resistance than would be normally observed < - 10 s ohms versus 
>10* ohms) are often not fatal, provided the load presented by the CCD to the parallel phase 
drivers is not excessive. 

As indicated earlier, the loss due to gate oxide pinholes does not increase directly as the 
area of gate oxide covered with metal but at a slower rate. This suggests that the pinholes in the 
best oxides are of sufficiently low density that the smaller arrays do not “see” all the defects on 
the slice. Some defects giving rise to pinholes may result from nonrandom damage on the slice 
itself -cither from water residu r < ar I 1 lin the | >eess. 


It is possible that local regions of tow dielectric strength in the gate oxides generate white 
defects in the monitor display from the CCD. While it was originally considered that a positively 
biased gate would remove electrons from a CCD well through such a “defect" and result in a 
“black” defect in the display from the device, it has been suggested that such a gate pinhole can 
show as a white defect. The mechanism, however, for this to occur is not clear. It has been 
observed that some white defects generated by the application of higher than normal clock 
voltage, which appear as intermittent white lines in the direction of the (parallel) charge read 
out, can be permanently “burned” into the CCD signature, li this is done, the white line defect 
will be present at all dock voltages. Since this defect seems to be related to oxide breakdown, it 
may support the mechanism above. 


However, this effect is not generally observed when the CCD is operated at normal clock 
voltages and the bulk of white video detects seems material related. Problems relating to the 
oxide integrity will clearly be snore important as the size of the active area increases. For 
example, the dc leakage current measured from the S 00 X lot) phases to substrate is always 10* 
to IQ 7 ohms, while in the 400 X 400. measured icsixtamv is often somewhat lower in some 
array sections. While device operation is riot immediately affected, some “weak” spots in these 
large gate oxide areas probably occur and these probably will ultimately determine the CCD 
operating lifetime. However, once a 400 X 400 has been determined to operate and image, we 
have observed no sudden failures due to oxide pinholes, provided that no higher than normal 
voltage spikes are applied across the gate. 


important failure mode is that of leaky diodes due to poor a* diffusion. High series resistance is 
also observed on rare occasions due to inadequate opening of contact windows to the n + regions. 
Excessive heat treatment after metalization will result in diode failure because the silicon in the 
n + region is actually slowly removed from the contact to form a silicon-aluminum eutectic. Since 
the metal is deposited on the CCD using electron beam evaporation, some heat treatment is 
mandatory and it has been determined that 400° to 450°C for 30 minutes will anneal the 
e-beam-induced damage in the Si0 2 without destroying the n* areas. If the metal is stripped 
after sintering, the reaction is observed as a pitting of the contact areas (Figure 3-6). 

C, SILICON OXIDE INTEGRITY 

A pinhole in the gate oxide is defined as a low-resistance short between a metal phase 
electrode and silicon substrate through the Si0 2 . If this occurs at or below 10 V across a 

1,000 A oxide (a field of 10* V/cm). it is defined as a pinhole. It appears that these regions: of 

low dielectric strength result frosts particulate contamination during and immediately prior to 
oxidation. The question of higher electric field breakdown will be one which impacts device 
lifetime because continued electrical stress on the oxide can result in defect generation either by 
thermal or electrical mechanisms and resulting device failure. 

Dielectric field strength is determined experimentally by forming MGS capacitors on a test 
slice of silicon oxidized in the desired manner and then applying a ramp voltage between metal 
and substrate to measure electrical breakdown, A triggering circuit senses the voltage fluctuations 
across the capacitor which occur prior to catastrophic breakdown of the capacitor and terminates 
the ramp at a voltage V . The metalization is sufficiently thick to avoid self-healing breakdown 
events so that V ready reflects the first breakdown event, which would of course be fatal for an 

operating CCD, This procedure is done on many capacitors and plots made of the number of 

capacitors which break down in various field ranges. A typical plot of this type for 100 
capacitors is shown in A, Figure 3-7. The area of the electrodes was 1.410 ' J cm 1 . Similar data 
for electrodes of increasing area are shown sit B and C. Figure 3-7. Pinhole density p i (breakdown 
from 0 to IP* V/cm) is determined from lit P = pjA where I* is the probability of breakdown 
in some electric field interval and A is electrode area. Values of p, were 0. 0 and 0.65 for the 
arrays of 1,4 X 10 3 cnr. 7.5 X 10' 3 cm 2 and 4.7 X ICT 2 cur area capacitors, respectively. The 
distribution of breakdowns at higher fields shows increasing width for larger areas. A commonly 
used definition in evaluating oxide integrity is 

Pi = the number of defects determined by breakdowns <0.8 l mav 

where F '> 3 X 10* V/cm is the maximum dielectric strength of SiO : above about 800 A 

in thickness. 
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If p 2 is defined its above, values are p 2 ~ 28. IS ami i‘> for the largest, mid. and small 
areas, respectively, for a meaningful definition of p 2 . p, should be independent of A but while 
this is approximately true for low areas it may underestimate p 2 for a large contiguous area of 
oxide as suggested bv the data. I.stimates of p s do not scale with area so it is obviously desirable 
to make measurements using electrode areas simulating the areas of the ( C D electrodes, l or the 
400 X 400, the gate oxide area is ~~}h0 X 3o() mil and later oxide evaluation work used test 
capacitors of 300 X 300 mil. 

The use of HO to improve dielectric integrity has been reported in the literature.* A study 
of the effects of HO in the 0 2 ambient during dry oxidation cycles was made at various 
oxidation temperature' and fit I concentrations. Values of VJOS capacitor storage time r and 
fast interface state density. \^ . were meisuied In pulsing ,m M< »S capacitor 10 and using the 
conductance anoinaly |(*t\Tj teclmuiue. fv-.pee(ively. M Ho bulk generation lifetime, r. can be 
obtained from the total relaxation time measured after the capacitor has received a voltage step 
from accumulation into deflection. The relationship of r and r depends on the magnitude of the 
step, oxide thickness, and doping density, for the oxides typically used for the following tests 
(1.200 A), a 20-volt step and 10 SI cm material, r • 5 x ! 0 r ( . rfvus r 100 seconds is 

equivalent to r = 50 microseconds. I he analysis of conductance anomaly to obtain N is more 
complex and: was determined by direct computer analysis during the experiments which were 
performed using metal probes m pressure contact with the aluminum electrode of the capacitor. 
Variation in defect density p t amJ pj defined above with change in oxidation temperature are 
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Figure 3-7. Percentage of Capacitor* That Break I)uwn ai a PM < fut Various Area Capacitor* on 
Oxidized Silicon Slice. A "Perfevl" Oxide Would Wive MM* at the Intrinsic Breakdown on 
SiO, at 9.2 X 10* V/cm. (D) Shows Dependence on n, and p, on Oxidation Temperature (Sheet 2 of 2) 

shown in D, Figure 3-7. In all experiments incorporating HO, an increase in the peak of the 
breakdown distribution with increasing HCl was observed up to about 5 percent HO. A 
representative plot is given in Figure 3-K. There appeared to be very tittle if any decrease in 
pinholes with increasing HCl content. Increasing HO also | <\uls to a reduction in N Jt tshown in 
Figure 3*9), which is more pronounced at an oxidation temperature of J,I00°C than 1 ,000°C 
The beneficial effect of HCl on capacitor storage time. r,» is ibserved for an oxidation 
temperature of IJOtfC but is not as obvious at 1.000 C, 


In the initial phase of the program, devices were processed using i Id-doped oxides and the 
reduction in dark current was quite dramatic. However, for the imagers, improvements in other 
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hulk welter ini! U’Jmiqsics Mirpawed iIk* impru\onwrr. *'rom MCI doping so rh;it pivsem deuces 
do not use these doped oxides but, rather, use a dry-wet oxidation cycle. During these early 
experiments the (CDs were generally characterized fey rather high density oi localized dark 
current -pikes and these appeared to he higher than in the "non-HCl" oxides although the 
background was lower. However, technology has improved considerably and a new comparison 
would be an interesting spenment. Often in the use of HCl during oxidation, white spots, 
shown in a micrograph in figure 3-10. would appear preferentially oft tO diffusions and. to a 
lesser extent, on the sate oxide itself. These may lead to the dark current spikes and possibly to 


The use of HCl as a cleaning ambient prior to oxidation is a well-known procedure used to 
iblam a clean surface at or above 1.1 CMC C prior to depositing epitaxial layers. Several 
•xpcfiment- were carried out 10 Jetetmme if such cleaning at lower temperature could be 
schitwed prior to m sun growth of a gate oxide Hie following duatssion mggeus that stub 
.‘leaning can improve oxide integrity and also that oxide duality can be degraded by oxide steps 



quality of the oxide will depend on the surface contaminants present on the slice which can be 
due to: 

Residue on the surface from the original slice polishing process 

Localized particulates not removed by chemical cleaning 

Nonoptimum removal of the final deionized rinse water (18 megohms) 

Particulate contamination from the furnace tube during loading. 

To reduce slice contamination prior to oxidation, a number of experiments have been performed 
using a vapor-cleaning cycle immediately before slice oxidation. The cycle takes place after the 
slices are loaded and are at the temperature required for oxidation (950° to 1,100°C). At the 
conclusion of the cycle, which is carried out in an etching ambient, oxidation is initiated 
immediately by switching to an oxygen or steam-rich gas flow. 

Table 3-1 indicates the composition of the initial etching gas and cleaning times for several 
experiments. Qeaning occurred at the same temperature as the following oxidation. For some of 
the experiments, the cleaning cycle resulted in the growth of a small amount of oxide, as 
evidenced by the oxide thickness difference between control slices which had not received the 
clean cycle and the vapor-cleaned slices. This growth naturally depends quite strongly on the 
composition of the etching ambient and. by close control of 0 2 content, the cleaning cycle can 
result in either slow oxide growth or slow silicon etching. At 950°C the silicon etching rate for 
mixtures containing 10 percent HC1 is, however, quite small since significant removal does not 


TABLE 3-1. INITIAL ETCHING GAS, CLEANING TIMES, AND RESULTS 





A in Dielectric Strength 


Run 

Cleaning Ambient 

Oxidation 

(volts.cm) 

A Pinholes/cm 

229 

5-7 HC1 

5* HCI in 0 : 

5 to 7 x 10‘ 

0.54 to 0.54 


2 % o t 

1.050 C 




97* N. 
80 mins 

900 A to 960 A 



244 

10 * HCI 

steam 

3.5 to 6.5 y 10* 

1.6 to 0 


4*0. 

950 C 




86* N; 
30 mins 

810 A to 910 \ 



244A 

As above but slices had thick oxide ridges 

2 to 6 v 10* 

0.54 to 0.54 

276 

5* HCI 

steam 

S.S to 6.5 a 10” 

1.6 to 1.6 


4' Oj 

950 ( 




91* N, 
30 mins 




301 

5% HCI 

steam 

2 to about 5 x 10* 

1.6 to 1 .6 


2* O, 

950 C 

Distribution very wide 



93* N, 
30 mins 


alter cleaning 


360 

10"' HCI 

steam 

3 6 to 6 x 1 0* 

0.54 to 0.54 


4* O, 

950 C 




86* N, 

1.000 \ to 1 ' An \ 




30 mins 
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appear to begin below the temperature range 1,050° to 1,100°C. P-type silicon of nominal 2 to 
3 12 cm and 7 to 1012 cm were used. The effectiveness of the vapor clean was measured from 
the breakdown of an array of MOS capacitors on the slice. Aluminum of about 1 1 ,000 A 
thickness was evaporated using an e-beam and subsequently etched to give 16 capacitors, each of 
which was 300 X 300 mil 2 area. Such large areas are necessary to determine the pinhole density 
of the Si0 2 which was sufficiently low to be undetectable with more usual size (100-mil dots) 
test devices. The results are considered more relevant to the determination of potential yield loss 
from gate pinholes in laiger CCD arrays where gate oxide areas are close to 1 cm 2 . Capacitor 
breakdown was measured by applying a ramp voltage (10 volts/second) to the device and sensing 
the voltage at which the first fluctuation in the ramp occurred using a triggering circuit. This was 
taken as the first indication of breakdown at some point in the oxide. Table 3-1 shows the 
increase in the peak position of the breakdown electric field distribution and pinhole density 
resulting from several clean cycles. Plots of the number of capacitors which break down in a 
given electric field range are as shown in Figure 3-1 1. In this experiment, pinholes are indicated 
by the events which occur below 5 V/ cm. Each set of data presented is the average of two slices, 
each having 1 6 test devices. Slice-to-slice variations were always much less than variations which 
will be presented as evidence of the importance of the particular process variation introduced in 
the experiment. 

Figure 3-1 1 shows results of experiment 244 using vapor cleaning with 2 to 3 12 cm 
material. From A and B, Figure 3-11, it is seen that the cleaning cycle has a significant effect on 
both pinhole density and dielectric strength. Geaning has increased the peak of the distribution 
from about 3.5 X 10 s volts/cm to 6 X 10 6 volts/cm and reduced the pinhole density from 
1.6 cm 2 to 0 (Table 3-1). However, such a dramatic reduction in pinhole density is not typical of 
our results and, on the average, there is a much smaller reduction. In all experiments performed, 
however, there was a clear indication of increased dielectric integrity as evidenced by the shift in 
the maximum of the distribution. Distributions, however, were generally broader after cleaning as 
indicated in both Figure 3- il and Figure 3-12. These results suggest that the residual pinholes 
may be related to material imperfections on the silicon surface which persist through both the 
chemical and vapor-cleaning cycle. Evidence from CCD area imagers has accumulated to indicate 
that pinhole defects arc not randomly distributed over the slice and this is also suggested by the 
present results. 

In B and C, Figure 3-11, effects of vapor cleaning on slices covered with 0.2-mil-wide thick 
oxide (10,000 A) strips separated by 10-mil-wide regions of 1,000 A gate oxide can be seen. 
These ridges simulate the channel'stop structure of a CCD imager on which gate oxide must be 
grown. Comparing A with C, Figure 3-1 1, or B with D, Figure 3-1 1, effects of these ridges are to 
broaden the distribution somewhat, an effect which may be due to enhanced breakdown at the 
thick/thin oxide boundaries. This could result from contamination at these steps which persisted 
through the cleaning cycle. Development of ultrasonic cleaning techniques, investigated briefly in 
this program and found to be ineffective on reducing CCD pinhole loss, should probably be 
investigated further. Comparing C and D, Figure 3-11, the improvement in dielectric strength 
after vapor cleaning is apparent, while, in this case, the pinhole density remains low and is not 
decreased. 

A and B, Figure 3-17, show results of a similar cleaning cycle on 7 to 10 £2 cm slices as well 
as the effect of a phosphosilicate glass (PSG) stabilization layer over the oxide (C and D, 
Figure 3-12). Such layers are routinely used in CCD processing. A 1 Vi-minute deposition (C, 
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Figure 3-1 1. Effect of 
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(A) NO VAPOR CLEANING 


(8) WITH VAPOR CLEANING 


(C) WITH VAPOR CLEANING 
AND I t /2 MINUTES PSG 


(D) WITH VAPOR CLEANING 
AND 3 MINUTES PSG 
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Figure 3-12. Effect of Vapor Cleaning on Breakdown on 7 to 10 n cm Silicon (A and B) 
Addition of PSG Layer Further Increases Strength but Does not Change Pinholes 



Figure 3-12) about SO A thick shifts the distribution and narrows it. A 3-minute deposition (D, 
Figure 312) about 80 A thick further improves strength. The PSG process does not significantly 
affect pinhole density, a result observed on most high quality oxides. For less perfect oxides 
(pinhole density 20/cm 2 ), we have observed some decrease in pinhole density after PSG 
deposition. 

Measurements were made on oxides grown after vapor cleaning to determine oxide 
parameters such as MOS capacitor storage time r s . flat-band voltage V T resulting from the 
cleaning cycle. N b was determined to be 1.3 X 10 ,0 /cm 2 /eV in both cases from the 
conductance anomaly (G/V) technique. MOS capacitor storage time (directly related to bulk 
lifetime) increases by a factor of 2 after vapor cleaning. We have found similar increases in r s by 
incorporating 4 to 6 percent HC1 uniformly into an 0 2 stream during 1,100°C dry oxidation 
cycles. In that case it has also been shown that the chlorine doping also results in higher 
dielectric strength oxides. Thus the quality of 950°C steam oxide grown after vapor cleaning is 
enhanced qualitatively in the same manner as observed for the chlorine-doped 1,100°C dry 
oxide. The lower temperature steam cycle avoids the sometimes undesirable effects of high 
temperature dry oxidation such as autodoping to adjacent slices. 

The improvement in oxide integrity may be due to either an improved silicon surface prior 
to oxide growth or the incorporation of chlorine, probably in a thin Si0 2 layer at the silicon 
surface, during the cleaning cycle. Further experiments are required to separate these 
possibilities. In particular, closer control of the clean cycle ambient so that no oxide is grown 
prior to steam oxidation is necessary. 

However, it should be noted that in the case of dry oxidations with HC1 introduced into 
the 0 2 flow during the total oxidation time that the Cl ion concentration is localized at the 
Si-Si0 2 interface. We suspect that the present oxides also have such a composition due to the 
particular growth cycle. Since, qualitatively, improvements in oxide integrity are similar in both 
cases, it is suggested that chlorine doping is responsible for the improvements reported in this 
note. 

D. SILICON PURITY 

Fabrication of highly reliable, high-performance charge-coupled device sensors places many 
stringent requirements on the quality of the starting sil! '.on wafers. In particular, the minority 
carrier generation rate in the silicon must be minimized to reduce diode leakage and increase 
charge storage times. Thus, impurities and defects which serve as generation-recombination 
centers must either be absent in the starting silicon wafers or must be removed during 
subsequent processing. Also, resistivity variations over the wafer will affect the fixed pattern 
noise associated with the sensor and influence the implant dose required for the buried channel. 

Silicon wafers similar to those requested for CCD processing were supplied by the Chemical 
Materials Division of Texas Instruments and were used to study residual impurities. 

The silicon crystals are dislocation-free Czochralski grown with a specified initial bulk 
lifetime greater than 50 microseconds. These crystals are grown from polycrystalline silicon 
having a specified impurity content of less than 0.2 ppb Cu. lOppbNa. and 0.002 ppb Au as 


established by neutron activation analysis on a random-sampling basis. The radial resistivity 
variation is not specified. The crystals are then centerless ground and the flats applied. Wafers are 
cut from the crystal and chemically etched to relieve stresses caused by saw and grinding 
damage. The wafers are then chemical-mechanical polished to provide a mirror-smooth polished 
surface, free of damage resulting from slicing operations. 

To determine whether impurities were introduced during subsequent processing from the 
polysilicon up to the polished wafer, a random sampling of polished bulk slices were submitted 
to neutron-activation analysis with the following results. 

Bulk samples, B1-B6, each consisting of two wafers from a specified silicon crystal, were 
used in the analysis. Samples B1 and B2 were taken from the same crystal and an oxide layer 
grown on B1 for comparison purposes. These wafers were irradiated in a Union Carbide reactor 
for 24 hears at 8 X 10* 2 neutrons/cm 2 /sec. After irradiation, all the wafers were rinsed in 
HCl-methanol to remove surface contamination which might have been introduced during 
irradiation. Samples B1-B6 were then weighed and their back surfaces masked. The oxide layer 
was stripped from sample Bl, and the sample rinsed. The remaining samples were etched in 
planar etch for IS seconds to remove possible surface contamination from handling. Samples 
B1-B6 were then etched for 2 minutes each in planar etch and the etch solution retained for 
analysis; the volume of silicon removed was determined by weight difference. 

All solutions were analyzed by high resolution Ge(Li) spectroscopy. Detection limits and 
observed concentrations are given in Table 3-2. For comparison, the results of some polished 
slices intended for use in standard MOS manufacturing are included. 


TABLE 3-2. DETECTED IMPURITY CONCENTRATIONS IN ATOMS/CM 3 


Samples 

Na 10“ 

Cu 10“ 

As 10” 

Sb 10” 

Au 10' 

Bl 

5.8 





B2 


1.3 

2.3 


8.2 

B3 



1.7 


3.7 

B4 

1.9 

1.2 

1.6 


41.0 

B5 

1.2 

0.6 



20 0 

B6 

1.3 


2.4 


32.0 

Limit* 

1.0 

0.6 

1.2 

0.8 

2.1 

Typical 

polished 

slice 

27 

10 

180 


290 


•Interference-free limit for average sample 


The conclusion here is that, within the uncertainty of the neutron activation analysis, there 
is no introduction of Cu into the silicon wafers during the processing from polysilicon. It would 
appear that there is up to an order of magnitude greater Au in the wafers than specified for the 
original pjlysilicon. Note that for sample Bl, where the wafer was first oxidized prior to 
irradiation, the Au content is below detectability. 



A second area of starting material evaluation has been wafer surface quality. Several aspects 
of wafer surface quality (cosmetic defects in or on the wafer surface) have been investigated. It 
was found that cosmetic quality could best be revealed through vis-ual inspection under a 
high-intensity white light source (500-watt projection lamp collimated to 2 inch diameter). 
Inspection under the high-intensity source, however, will even reveal defects too minute to be 
easily observed in a scanning electron microscope. This high-intensity source has been useful in 
showing several types of cosmetic defects, including minute silicon particulate contamination, 
haze associated with the polishing process, and water residue; and an inspection procedure using 
this source has become a routine part of the slice cleanup procedure in the CRL CCD Processing 
Facility. 

To determine the effects of certain sequences used in the CCD process on the heavy metal 
impurity content of the silicon slice, neutron activation analysis was performed on test wafers; 
results of the analysis follow. 

Ten silicon samples were irradiated for 14 hours at a flux of 0.98 X 10* 3 n/cm 2 /sec at the 
reactor facility at Texas A&M University. Upon return to TI, the slices were cleaned in 
HCl:CH 3 OH. The oxide was removed from all slices using 10 percent HF. After a deionized 
water rinse, the first 5.74 pm of the sample were removed for analysis using deionized water 
planar etch. The thickness of silicon removed was determined by weight difference. For samples 
1 and 3, only 4 pm were removed for analysis. These samples were counted 17 hours after 
irradiation, which gave enhanced sensitivity for 12-hour (half-life) Cu and 15-hour (half-life) Na. 


All other samples were counted between 24 to 41 hours after 

irradiation. 




The identification of the samples 

is as follows: 








Slice Number 

1 2 3 

4 

5 

6 

7 

8 

9 

10 

1 . Initial oxidation 

XXX 

X 

X 

X 

X 

X 

X 

X 

2. Nitride 

X 

X 

X 

X 

X 

X 

X 

X 

3. Gate oxidation 

X 

X 

X 

X 

X 

X 

X 

X 

4. Buried-channel ion implant 

X 

X 

X 

X 





5. Implant drive and anneal 

X 

X 

X 

X 





6. PSG 

X 

X 

X 

X 

X 

X 

X 

X 


Impurity concentrations in atoms/cm 3 and interference-free detection limits for all observed 
elements are given in Table 3-3. All of the signals observed are close to the detection limits; 
therefore, errors as high as 50 percent must be assumed. In the absence of any signal, refer to 
the detection limit. There is some indication of an increase in Au from the starting 
polycrystalline silicon. 

To reduce bulk impurity concentration in the processed silicon slices, a modified 
phosphorus gettering technique is used in the CCD process. The effectiveness of this cycle was 
evaluated by using high-resolution gamma-ray spectroscopy to determine levels of N , Cu, Au, 
As, and Sb, both before and after the cycle. Results of the analysis, unfortunately, give 
concentrations sufficiently near the detection limits of the technique so that clear interpretation 
is difficult. However, it is possible to measure the minority carrier lifetime, t, by pulsing an MOS 
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TABLE 3-3. DETECTED IMPURITY CONCENTRATIONS IN ATOMS/CM 3 



Na 10“ 

Cu 10“ 

As 10“ 

Sb 10“ 

Au 10' 

Detection 

Limit 

9.S 

1.9 

0.0 

2.8 

7 

Sample 

1 

0.7 

0.18 

<6.3 

<6.0 

00 

f'i 

2 


<2.5 

<5.9 

3.8 

22 

3 


<4.4 

<9.2 

4.1 

60 

4 


<3.3 

<8.0 

<6.5 

8.3 

5 


<2.9 

6.7 

<4.6 

12 

6 


<2.2 

<5.1 

0.59 

38 


capacitor into depletion; t is a very sensitive measure of both surface and bulk impurity centers. 
These measurements indicate significant increases in r as a result of the modified gettering cycle. 
Lifetimes of up to 500 microseconds at 24°C have been measured on slices that have been 
subjected to this cycle, compared to 1 to 10 microseconds on untreated material. The 
effectiveness of this cycle is superior to formation of oxide using HC1 doping which, on the 
average, increases bulk lifetime of good quality silicon by about a factor of 5. Much more 
pronounced increases due to HC1 can be observed if the initial starting material has lower 
lifetime. While the modified getter cycle has generally been effective in reducing both overall 
dark current level and the fixed-pattern noise associated with dark current variations, there still 
often occur a number of video defects or blemishes which are either not amenable to the 
modified getter cycle or do not appear to be intrinsic in the silicon. There is evidence that some 
dark current spikes result from contamination by particulates located in the gate oxide regions of 
the CCD. One such experiment was performed by ion microprobe analysis of a slice after gate 
oxidation. A 20 keV 0 2 + beam, focused to about 15 jum was used to sputter the sample surface. 
The beam was constantly swept in a 200 X 160/um raster to ensure that the inclusion would not 
be completely sputtered away before the sputtered secondary ion spectrum was recorded. X-Y 
elemental distribution maps were recorded by preselecting a secondary mass peak and using the 
ion intensity to modulate the brightness of a CRT whose raster was synchronized with the 
primary beam raster. Figure 3-13 shows the results of the elemental distributions; the inclusion 
defect was found to be high in Na, Mg, Ca, and Fe. Intensity area profiles were also recorded by 
using the secondary ion current to modulate the Y-axis of the CRT. The CRT raster was 
modified in order to show a projected view of the sample surface. These results are shown in 
Figure 3-14. Both the X-Y elemental distribution maps and intensity area maps show that the 
defect impurities are restricted to the actual inclusion. These circular areas are often seen by 
optical inspection of a processed CCD which has had the gate oxide stripped and then has been 
etched using a dislocation etch. 

A second ion-probe microanalysis of particulate matter found in the gate oxide region after 
gate oxidation revealed large amounts of A1 and Ti with minor amounts of Na and K. The 
thickness of the particles was in the 1,000 A to 2,000 A range. Analysis of the defects suggests 
that they are related to particulate matter which was present on the wafer before the thermal 
gate oxidation. The unusual nature of the contamination. A1 and Ti, indicates a probable 
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AljOj-TiOj complex such as a pigment in paint. It was also established that the source of one 
large dark current spike in a CCD shift register was caused by just such an Al-Ti contamination. 
Such contamination is not routinely observed. 

In an attempt So determine other sources of contamination, an ion inicroprobe scan of the 
mass 40 peak, either Ca or a silicon-carbon complex, was made in an area which appeared to be 
characterized by an anomalously high impurity count compared to the res! of the CCD area A 
comparison between the areas is shown in Figure 3-15. The contaminated area has a strong 
localized mass 40 near the oxide-silicon interface while it is not as significant for the live typical 
areas on the CCD. This probably arises from pregate chemical cleaning contamination. 

A second mechanism generating white video defects in the output of a CCD imager is 
dislocations in the silicon, discussed in the following subsection. 

E. DEFECT CENTERS IN SILICON 

Fabrication of CCD imaging arms places a more stringent requirement on silicon quality 
than is normally needed tor integrated circuits While no studies of the eft eel of silicon material 
defects on CCD image quality have been pres tiled in the literature, previous work on vidicon 
camera targets has shown that dislocations, stacking faults, and impurity precipitates can 
contribute to video defects in a silicon imager. 1 : hi ra etl circuit yield, which, generally, is not 
tl by most pt , . ts. has 1\. - . i 

siihsta " / as a result of process rid i lectx such as stacking fault used I i Litton, 

diffusion-induced strain around silicon nitride windows, and thermal strain generation, especially 
along the periphery of a silicon sliced* (Many of these defects have been found to he 
nucleated from preexisting detects. I Charge-coupled-dencc imagers combine the high performance 
requirements of a silicon vidicon with the complex processing: of an integrated circuit and. 
therefore, place the greatest demands upon control of silicon purity and crystalline structure 
both before ami during the device processing. 

Silicon materia! delects can manifest themselves in several types of device degradation. 
Presently, the most limiting effects are those tied to the role of silicon defects as generation- 
recombination centers. Such centers generated array dark current. Reductions in dark current 
arid dark -current nomini Irimiitv t<> the lowol levels will ultimately depend upon identification ol 
the contributing defects and development of process or starting-rmitcrial modifications 
Dark-current spikes or blemishes cun be caused by material defects within the device depletion 
region am!, therefore, serve as an excellent means by which to correlate the cause with the 
effect Stieh defects may also be associated with impurity clttsicnng Stuh clustering makes it 
much more difficult to getter Che impurity, I summation <U the video output ><| a CCD area 
array imager provides the exact spatial location of the delect, which can then be computed with 
structural examination of the underlying silicon m that teuton. 

The tcihntque of teflecfion and transmission X-ray topograph was used to study the 
defects The experimental technique tv conventional X-ray topography has three advantages lor 
the detection of defects over other existing techniques It is rmndcxiniethe. since only X-rays 
touch the sample, it is a subsurface technique, whuit allow - defects in llw active teutons of the 
CCD to he detected , and constdeuhle information concerning the nature of a defect- ' may he 
obtained by studying the topogi sphu contrast under distcivnt diffracting , omhftoiis 1st 
transmission topography, the X-ray beam passes through fit -ample therein imaging all delects 





in the sample. This technique is ideally suited for determining if defects in the bulk cause, or are 
associated with, defects near the surface, in reflection topography, the diffracted image arises 
only from the subsurface. The depth to which this image is formed is dependent on the 
absorption of the beam in the sample, and thus on the incident and reflected angles of the 
X-rays with respect to the surface, and on tire radiation used. For reflection topographs from 
Sill) and < 1 00) slices, the table below lists the depth below which no appreciable contribution 
to the topographic image is expected. 


Reflection 

Slice Oriental inn 

Radiation 

Image Depth 

|324 » 

(lilt 

CuKa, 

30 Mtn 

12241 

UM t 

C'uJws, 

15 am 

i 1 1 ? 1 

iiXM * 

CuKo. 

4 ,-m 


Since reflection topography allows examination of the Mibsnrface region, it is capable of 
providing information on defects lying ■ ithin the depletion region of the CCD. while the nearest 
comparable vie fed -imaging technique, with etching, is capable of rescaling only chose defects 
which intersect the surface. 

For a device examined in most detail using this technique, a listing of all dark-current spikes 
was made from the video output by bit and line. These points were then plotted on a 
transparent overlay so : that direct comparison could be made to the X-ray topographic 
photograph. In cases where a video defect extended over more than one bit, even at low 
substrate: voltages, a point ttt the center was chosen for the defect site. Although much 
characterization was done with the device still in its package, topographs were a No taken after 
ihnmmmiK tile ievu- and stopping the metati/aiion am! oxides, flee outline of the device omit! 
still e jsih he seen from the strain pattern ol the dr* ;m > o Because of the curvature ot a thin 
CCD membrane, no useful data was obtained on CCDs after thinning. 

Figure 3-lb shows a reflection X-ray topograph of a 100 X 160 device after stripping of 
the surface oxide and metal films. The faint horizontal lines correspond to strains from the 
channel stop diffusions. Output amplifiers are clearly visible at the bottom comers of the 
topograph. B. Figure 3-16. is the same topograph shown with the video dark-current blemish 
overlay. An almost complete one-to-one correspondence ex.sts between the video pattern and the 
linear defects that are parallel to channel stops. Cases where the linear defects appear in the 
topograph with no. corresponding blemish in the video overlay were examined in detail In each 
case, a blemish that was too faint to be recorded on the oveilav was observed. Similarly, 
blemishes in the video that seemed to have no corresponding delect in the topograph were 
examined. Again correspondence was found in topographs taken under other diffraction 
conditions. 

The linear defects are shown at higher magnification and under different diffraction 
conditions in Figure 3-1 ~. This figure shows that the defects appear to emanate from the channel 
sto-fv-diffusimv region info a channel region . 

The contrast behavior of the linear defects in topographs taken by diffracting from different 
planes is consistent with the defects being dislocation arrays, with the array possessing a 

■'macroscopic strain component in the H IDs direction, i.e.. perpendicular to the channels 

evidently intersecting the depletion region, where they ;ut as sources of dark current generation. 








Figure 3-16. 422 Reflection I’ofmgiaph of 100 X IM) \rra> with Metal and Oxide Stripped, 
[ \rrow is projection of the »rnu} to the 1 4 2 2 } planes, | f Sheet 2 of 2) 
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Figure 3-17. Enlargement of (242) Reflection Topograph of 400 X 250 CCD ton Showing Linear Defect* 
emanating from the Diffused Channel Stop, l inear Defects Appear to he Nucleated from Other Defects 
(At; enlargement of (040) Transmission Topograph of 400 % 250 CCD Array on f 1001 Material 
Showing Linear Defects Nucleated It ■ Preexisting Dislocations, to hfch Lie on Inclined Wane* 

(lilt Wanes and Pa?* Through the Wafer (B>. 





At one end of a linear defect there generally appears to be some other defect (for example. A, 
figure 3-171, This is probably the nucleating site for the defect. These, in turn, appear to be 
associated with the light bands which arc* nearly parallel to the (110} direction (figure 3-3 6). It 
b obvious that additional characterization of tin- defects is required. Transmission electron 
microscopy should furnish more precise information «m the nature of the defects, whether or hot 
they cause precipitation, and fill in the picture on how they were formed. 

While it is certain that the end points of each linear defect intersect tin silicon surface the 
dark-current blemish placement is nut accurate enough to determine whether the blemish 
originates at one of these end points. Characterization of deuces with better CTE should provide 
sharper spikes, and possible answer this question. 


Examination of a (I GO) area array revealed similar linear defects parallel to channel stops. 
For example. B. Figure 3-17. is a transmission topograph showing linear detects originating from 
a preexisting dislocation. There were, however, many other types' of defects present that have 
interfered with the preliminary confirmation of correlation with blemishes. 

A wioiul *\ penmen! was performed using an arras which -.hotted the eilect o! damage 
inadvertently induced at a cleaning step in the process. This results in dark current defects as 
indicated m A. Figure 3- IS. The X-ray topograph of this .device is shown in B. Figure 3 1 8. 
where it is possible to identify the heavier dark-current generation, sites as regions of darker 
channels. The point A marked in Figure 3- 1 P identifies the sank corner of the array . JIowcut. it 
was not possible to identify or, this device ail the detects which were formed in the circular 
d a rk-eu f re n. t rings. 

The timing force for the appearance of the linear d-efeets is m-M probably stratus in the 
channel stop arising from the boron diffusion and the edges of the mciiy ing oxide. The sense of 
these strains is in the tllOi direction These strains arc relieved during high temperature 
processing In the introduction of dislocation arrays. The particular role played by each 
processing step is not yet understood. It should he noted that the channel stop region undergoes 
stress reversals during some of the process step-:. 

I he role of the crystallographic orientation of tile 'lice on defect formation appears mainly 
to determine the length ol the linear defects. With a tills slice, the maximum resolved shear 
stress oh. any slip system is twice that in a (100) slice. .for oxide window boron diffusion stresses. 
However, with the channel stops oriented »r. a si 12) direction on a (lilt slice, no ill It slip 
planes . are parallel to I he channel stop, and a dislocation a rui y s an grow do w n the ehurmc 1 stop ; 
only by a cross-slip climb mechanism, which is thermally activated. On the other hand, in a. 

1 100) slice, the array can propagate along a <0 i I > direction by glide, which is a much easier way. 
hence the linear defect is longer. 


interestingly, a i M0i dice orientation with channels in t n)0’» dinMion would s, cm to ra- 
the best to immms/e the si A* of the linear defects I hi- orientation would Inn. maximum 
resolved shear stress identical to the » 100 1 slice orientation, but. since the channels are not 
parallel to i 1 1! ) planes, the dislocation array could propagate only by the cross-slip drmh 
mechanism. Dislocations can also be shown by simple technupus of dislocation -etching a (XT.) 
which has had both the mctalizalion and SiO- removed: Figure 3-1 A show s the results of a Scceo 
dislocation etch r on a processed 400 \ 400 (XT) indicating the linear dislocations both 
parallel ami perpendicular to the narrower channel -top region Oxidation of the silicon in these 
regions in the t'< f) process grows abenit 14.000 of Sio* m those regions .md this allow x tip* 





Figure U'htfd <'( 1) Ohtaimtl UVr Stripping MeU! anti Oxide 

Showing Wsiowtion Grown irt the Thick Osftte Channel Slop tenons 


disks. , s t; - to crow s.t ;iu readily observed 1", 1 el area twidcr in I' 1 ne ''-I'ddivs 

not undergo this oxidation. therefore detects m the silicon are not as readily obseived. A 
con . ' Hinf? <>s these etch-idcnti tied detec? regions with. ('CD pcrfornKnuc has not been made on a 
point-i's -|*oint basis, 1? appears. however, that higher density of suet? detects is correlated with 
lower level optical performance on the (TP array. These detects arc not caused sole!; hv the p* 
and thick oxide process Used because they are not always present m etched deuces processed 
with nominally identical p + am! thick oxide parameters. Ken across a given CCp active area 
there is often a wide spread in deice! density. These observations suggest that the Tenets are 
present in the original silicon or ate introduced by a random (and uriideritith J ? varation in one 
of the processing steps. 


F THINNING \M> BVCKSIDI UTI MI LUION 


i.’|| CCP is fab It aU<! on a si mdard silicon water ot about In mil tin ».:i s. In a 
•\u ksule -illuminated mode, optimum t'(T) resolution ami shoii w nekmath tospon , impute tli.it 
the silicon directly over the light sensitive area of I he <’( I) be thinned to a thkhness in the range 
of Id to l.’fim -\n area slightly lugger than the: array itself is thinned to av.f§§ nonum it amities 
at (lie thick-to-ihm silicon edge afic ling device performance Membrane stability is stieli that 
repeated u ■ cling from 24 to 40 ( does not fraeimv the ( ( 1) Initial thinning ot the whole 
silicon slice to about Sunils is dorse cither mechanically ot yJiein'icalh . t nrthes thhiSug down to 



final thickness can be performed using either of several techniques. In all methods described 
below, the thinning process is monitored by a combination of time and visual inspection by 
transmitted light at the edges of the array rnetali/.ation. The color of the membrane is very 
sensitive to the silicon thickness. 

During initial thinning work for this program the unthinned 8-mil CCD chip was first 
mounted in a ceramic header (described in the following subsection) using a low-temperature 
setting epoxy. The header was encapsulated in a Teflon holder, leaving the back surface of the 
CCD exposed. The assembly was then etched in the rotating beaker. This technique resulted in 
non uniformities and excessive surface staining ot the thinned membrane. Tile etch solution could 
also leak between the silicon chip and the header surface around to the electrode side of the 
CCD with fatal results. 

An improvement in thinning resulted from etching the thinning windows for all devices on a 
slice simultaneously. This is referred to as whole-slice window thinning. 

Rectangular thinning windows with a dimension of 170 X 120 mils, providing '-JO mils 
between the J44- by 90-mil active area of the !•')(> X I of) were useu initially. With this design 
he u x n ■ t< hin and some residue on the final membrane were often observed. As a result 
of this, a circular thii nir window of 0.2 1 -inch diameter was it. j. This resulted in all 
features of the array being clearly visible using transmitted light and also gave improved etching 
unit r lity i und the window edges due *o improved fluid flow around the recess. The lal 
urface of the thin CCD is generally shiny although some surface ha/e is often present. This is 
thought to be residue from the etch cycle and is variable from device to device over a slice and 
from slice to slice. However, by careful attention to .several critical steps in the cycle, a surface 
of uniform, stain-free quality is achieved, f igure 3-20 shows a slice of 100 X 160 arrays after 
window thinning. 

A third technique, referred to as uiip thinning, involves scribing and breaking the slices 
which have been thinned to 8 mils, then selecting only devices which are defect-free for further 
thinning. 

Since there is often :* variation in etching rate across a slice and it therefore becomes 
difficult to obtain uniform membrane thickness for all devices when the whole-due window 
thinning is used, the chip thinning offers some uKautage tn flic fact that a single device can be 
optimally thinned. 


Both techniques, whole-slice window ami chip-thinned lot) X 1 60s have been successfully 
applied and there is no dear advantages seen at pic sent to either technique. 
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I iguie 3-20. Portion of » Thinned Silicon Slice Containing 100 X 160 Arrays Using Whole-Slice Thinning 


The thinning technique used on initial 400 X 400' s was whole-slice window thinning with 
excellent results. The area to be thinned is now square and measures 410 X 410 mil, leaving a 
thin transparent region about 25 mils wide at each side of the array. The array can sometimes be 
misaligned with respect to the thinning window by misplacement of the mask defining the 
windows. This is because the alignment is done using a low-power infrared microscope with 
illumination beneath the silicon. Improved magnification would allow improved alignment. 

With the use of 3-inch silicon slices for the 400 X 400 the number of bars increased to 21 
from the f> on each 2-inch slice. Whole-slice window thinning is still adequate but due to the 
increased volume of silicon to be removed, increased etch volume is required if the etch is not to 

be depleted and cause irregularities. Tor i.,is reason chip thinning is often used- especially if 
there are only a small number of good arrays on the slice. Front and back views of thinned 100 
X 160 and 400 X 400 CCD imagers are shown in Figure 3-21. 

Membrane thickness is typically in the 10 to 1 2 jam range. Thickness uniformity is rather 
variable depending on the particular device selected. The uniformity is conveniently measured by 
illuminating a CCD imager wTh narrowband 10.000 A illumination and observing the interference 
fringes from the video monitor display. The difference in membrane thickness. Ad is given by 

Ad = 1 ; 2 n X 
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(A) 


<B) 
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Figure 3-21. Back Side and Front Side of Thinned 100 X 160 and 400 X 400 CCD Imager*. 
In IB) the Interference Pattern from a 100 X 160 Amy Illuminated with 10,000 A it Shown. 


where 

n = 3.42 is the refractive index of silicon 
X = the wavelength of the incident light. 

Uniformity is generally <0.5 pm for the 100 X 160 imagers. A representative fringe pattern is 
shown in Figure 3-2 1 . 

The backside surface of the thinned CCD imagers is accumulated to provide a drift electric 
field in the silicon to sweep minority carriers, photogenerated at the backside surface, into the 
CCD depletion wells. This increases short wavelength optical response. Backside surface resistivity 
measurements indicate that boron accumulation of 10 17 /cm 3 over the bulk doping level of 
1 0 55 /cm*’ can be achieved using proprietary Texas Instruments techniques. The process is, 
however, rather variable from device to device in the extent to which 4000 A response is 
increased. Values of quantum efficiency of 65 percent at 4000 A have been achieved, although 
more typical values are somewhat below this value. 
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G. HEADER DEVELOPMENT 


The header structure for the 100 X 160 arrays is a 40-lead edge card, nominally 2 by 1 by 
0.040 inches, fabricated from 95 percent alumina. A 0.25-inch-diameter bevelled hole, located at 
the center of the CCD chip mounting area was cut into the header by means of an ultrasonic 
abrasion technique. This allows incident optical radiation to be focused on the backside of the 
CCD. Details of etch thinning a CCD after it was mounted in this header to achieve the desired, 
approximately iO-jum membrane over the active area was quite dependent on fluid flow patterns 
around the edges in this 40-mil hole. The chip is mounted in the header using a thin line of 
room-temperature-euring epoxy between ceramic and chip. This method of mounting has been 
found to be completely effective in providing a mechanical bond with the CCD operating over 
the range -40° to +40°C and avoids the 
high temperatures which would be involved 
in alloying the chip to the header. This 
temperature cycle (to about 40Q°C) can lead 
to increased warping of the thin membrane. 

Figure 3-22 is a photograph showing the 
front view of the header after mounting the 
CCD chip. Connections are made from 8- by 
8-mil bond pads on the CCD chip to gold 
nietalized leads on the header by conven- 
tional ball bonding with 0.8 mil-diameter 
gold wire. Pin connections to the card are 
listed in Table 3-4. Pin 1 is at the left-hand 
edge of the card as viewed in Figure 2*22, 

Representative operating voltages for buried- 
channcl imagers arc given in parentheses in 
Table 3-4. 

The 400 X 400 arrays were mounted in a ceramic 40-pin dual in-line package designed for 
the array. It is 2 inches in length and the pins are 1.0 inch apart, A hole in the ceramic of 420 X 
420 mil was provided to allow light to fall on the sensitive area of the CCD. Most chips were 
epoxy mounted. Several chips were alloyed to the chip at higher temperatures to see if the 
membrane warped excessively. By careful alloying at each corner of the array, no excessive 
warpage was seen and in some cases the membrane appear. d even less deformed after alloying 
than after epoxving. A photograph of a 400 X 400 mounted in the DIP header is shown in 
Figure 3-23 as viewed from front and back showing the thinning window. As above, connections 
were made to the CCD bond pads with 0.8 triii gold wire. Pin connections to the DIP arc given 
in T able 3-5. Pin ! is identified by a locating dot on the ceramic and pin 21 is directly opposite 
pin 20 across the short dimension of the header. Electrical pin connections for the 400 X 400 
are given in Table 3-5. For the 400 X 400 there are four sections, each 100 X 400, which can 
be operated independently. Thus, there are four connections for each parallel phase. As indicated 
earlier in Figure 2-6, these sections are defined as A. B, C. and D. By connecting all four together, 
the array will operate normally. 



figure 3-22. Mounted 1 00 X 160 CCD in 
40-Bin Edge Card 
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TABLE 34. 4CWPIN EDGE CARD, WN CONNECTIONS FOR 100 X 160 (ADVANCED) 
(Typical Buried-Chsr> Operating Voltages in Parenthem) 




dc 

l 

Substrate 0 to -~S V (-2 V) 

pub* 

2 

ip, upper retiai phaie +5 V to +15 V (+8 V) 

puis* 

3 

4>* upper serial phaie +5 V to +15 V (+8 V) 

pub* 

4 

<t > * upper serial phaie +5 V to +15 V (+8 V) 


S 

No connection. 


6 

No connection. 

dc 

7 

Ipg input gate, upper isrial connect to 0 * 

dc 

8 

l pd input diode, upper serial 0 - 25 V (25 V) 

pub* 

9 

0j transfer gate upper serial to parallel. (Same voltage as o’ , <p* , <s>\ ) 

puis* 

10 

0 ', parallel phaie +5 V to +16 V (+8 VI 

puli* 

il 

4»*, parallel phase +5 V to +16 V (+8 V) 

puts* 

12 

0 ', parallel phaie +5 V to +16 V (+8 V) 

pub* 

13 

transfer gate, parallel to lower serial. (Same voltage as 

dc 

14 

Ip^ input diode, tower serial 0 - 25 V (25 V) 


IS 

No connection. 


16 

No connection. 

pub* 

17 

Ipg input gate, lower serial connect to 0 , 

pub* 

18 

O a lower serial phase +5 V to +15 V (+10 V) 

pub* 

19 

0 , lower semi phase +5 V to +1$ V (+(0 V) 

puis* 

20 

d>, lower serai phase +5 V to +15 V (+10 V) 

dc 

21 

0pg lower serial output gate 0 to +10 V (+3 V) 

pub* 

22 

o pc precharge pulse (BSHA) overlap of 0, and 0 , (18 VI 

pub* 

23 

0 S sample gate (BSHA) from leading edge of width ~80 ns, (+15 

dc 

24 

V fef precharge reference voltage (BSHA) O to +20 V (15 V) 


25 

No connection. 


26 

No connection. 


27 

Vgg load bias (BSHA and CCA) O to +20 V (+15 V) 


28 

Dummy video output. 


29 

Video output 


30 

Ground 

dc 

31 

V dd dram voltage (BSHA and CCA 0 to 25 V (+24 V) 


32 

Output video 2 (CCA! 


33 

V, source bias for ioad MOSl I Ts (CCA) (grounded) 

pulse 

34 

0 C clamp pulse (CCA) 80 ns pulse Triggered positive edge of 0„ t+15 


35 

No connection. 


36 

No connection. 

dc 

37 

V rw voltage on clamp drain (CCA) 0 to +20 V (+15 V) 

dc 

38 

0 pg upper serial output gate 0 to +10 V (+3 V) 

pub* 

39 

Op C precharge pulse (CCA) 0 to +20 V overlap of 0 , and 0 , ( + 15 Vi 

dc 

40 

V ref precharge reference voltage (CCA) 0 to +20 V t+1 5 Vi 
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H. CCD DRIVE ELECTRONICS 


Electronic circuitry used to drive the 100 X IftO and 400 X 400 arrays consists of a timed 
sequence of pulses to transfer charge and to operate the on-chip preamplifiers. Operation at any 
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data rate from 10 kHz to 3 MHz is possible and at any integration time. The format for the tests 
made under this contract is listed for each of the characterization tests that are listed in 
Appendixes of this report. 

The sequence of clocking pulses generated and applied to the CCD electrodes is indicated 
schematically in Figure 3-24. The pulse sequence for the output signal processing is shown in 
Figure 3-25 on an expanded time scale. The CCD output shift register is designed so that the last 
phase electrode prior to the output gate in 0 2 . The signal charge is thus dumped, via the 
de-biased transfer gate, on the output diode diffusion at the fall of 0 2 . Excessive clock 
feed f. trough to the video waveform has been observed on occasion due to preamplifier related 
defects but, generally, does not occur. The first electrode in the serial register is, therefore, on 
0 3 to make ! 60 pixels. Transfer of charge from the last electrode in the parallel section of the 
array (0, parallel) occurs through a composite transfer gate into 0 3 serial. The timing diagram 
(Figure 2-19) shows both <j> 2 and 0 3 (senai) held high at this time. This is the situation on the 
test setup to allow other CCDs to operate correctly but only 0, need be high for the line 
scanner design. The precharge is held high during flyback to allow the first bit on each line to be 
transferred correctly. 

Typical operating potentials and pc.lsewidth .".formation is given in Table 3-4. The CCD 
array is operated in the reverse direction by switching 0, and 0 2 in the parallel section and 
interchanging the clocks between the two serial registers. This is necessary since the upper 
register clock waveforms are modified to allow injection of (fat zero) change to the parallel 
section as shown in Figure 3-24. 

By applying a dc potential to the sampling gate (0 7 > of the BSHA. a percharge output can 
be obtained from the chip. The video output is then affected by the less-than-unity gain of two 
source followers. Output from the CCA appears as a precharge waveform (Figure 5-3) but the 
level prior to the output signal should be clamped at some dc level. Preliminary evaluation of the 
CCA showed a bamlwic : of about I MHz compared to 7 MHz for the BSHA. The stability ef 
the clamp level was often not adequate and the amplifier itself appeared to be more subject to 
processing-induced failure than the BSHA. Further work is needed to optimize the CCA on-chip 
circuit. 

The load presented by the CCD to the driving electronics can distort the “ideal" pulse 
shapes delivered by the circuitry. For the 100 X 1 60. the capacitance between a given phase 
and substrate is about 500 pF. There is also several bundled picofarads between 0 S and 0 N + , 
due to overlap of electrodes and coupling via the depleted buried n (aver. For the 400 X 400, 
the capacitance is several thousand picofarads per phase. The effects of such a 400 X 400 load 
on the serial and parai.el phase drivers is shown in Figure 3-26 for 1 MHz data rate (troin serial) 
and in Figure 3-27 for a 10 kHz data rate. These waveforms were observed at the CCD pins, 
which are in the low-temperature Dewar at the end of about 18 inches of cable connected to the 
drivers themselves. Placing the drivers at the CCD would decrease the effects observed at the rise 
and fall times. Clock feedthrough, due to coupling between q s . 0 N+! and 0 N + 2 > s clearly seen 
on the waveforms. 

The ou.pnt serial register has an output gate which isolates the last phase electrode 0 2 from 
the output diode tl* diffusion. Introduction of clock transients on the video may occur because 
of internal capacitive feed th tough between 0 : and the diode. The clock pulses used to produce 
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Figure 3-25. fc xpan<led Timing Diagiam for Video Output 


changes in the potential distribution in the CCD are communicated to the edge of the rC 
(reverse-biased junction) diode causing current to Slow. Dc bias on the gate allows transfer of 
minority carriers into the sensor well without a large change in surface potential due to the clock 
pulse. Possible clock effects on the output video may indicate nonoptimum transfer gate 
operation. 


By changing the bias on the gate it is possible to change the timing of the emergence of the 
signal charge from the device, as shown in Figure 3-28. The solid lines in the potential profiles of 
this figure are the potential energy in electron-volts when there is no charge in the channel. The 
top of the shaded area is the potential profile after the electrons have been introduced. These 
same figures are applicable to both buried- and surface-channel devices; for a buried-charmei 
device the potentials correspond to the highest voltage in the buried channel, while for a 
surface-channel device the profiles should be considered to be the surface potential'. 


In the upper potential profile of Figure 3-28 the output gate is biased at a Unv voltage thigh 
energy), and the signal charge is collected in the output diode by means of a “charge-pushing” 
mechanism. Charge pushing occurs when the output gate voltage is greater than the voltage of an 
off-clock but less than an on-clock voltage. When the last phase U> 2 ) turns off. the charge will be 
pushed into the output diode region because of the lower energy barrier (higher voltage) in tills 
direction rather than back into the previous well id, t. A noticeable drop in transfer efficiency is 
found if the output gate is at too low a voltage for the charge pushing to work effectively. If the 
output gate is biased to a value equal to or greater than the clock voltage, then the signal charge 
will "spill” out when the last phase ( 6. > turns on and as the preceding well (0, t turns off At 
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intermediate values of output gate bias the charge can come out at the rise and fall of <t> 2 as well 
as at the fall of 0, , as shown in the lower profile of Figure 3-28, 

I. MULTIPROBE OPERATION OF CCDs 

After the arrays have been processed prior to imaging evaluation and are still in slice form, 
they are tested for gate oxide pinholes and metal shorts by a high-speed multiprobe. This test is 
simply a dc test c allows sorting into good and partial 400 X 40Q’s or good and bad 
160 X 100’s. Much mure information can be obtained by operating the devices as CCDs while 
still in slice form. This is done by supplying to the multiprobe all pulses necessary to operate the 
imager. Thus, it can be determined if the array will shift charge, its Cl E can be measured, and a 
dark-current signature can be displayed on a monitor. It is not possible to image on the 
multiprobe at present but the CTE and dark-current tests are very informative. The best bars are 
then identified, scribed and cleaved from the slice and thinned using the individual chip thinning 
technique described below. The use of the probe can increase through-put considerably and allow 
attention to be focused on a good class imager immediately. An example of the results obtained 
in multiprobe are given in Figure 3-29. This particular 400 X 400 was chosen as it shows a 
scratch which appeared on the bar somewhere in processing and now appears as a white 
dark-current generator. This supports the model discussed above where damage (tne scratch) 
results in dark-current spikes. Also shown is CTE data, which is rather noisy due to the long 
cables to the probe but is sufficient to determine the value for the array. In addition, the 
sharpness of the defects is a good indication of CTE for the array. 



1 94262 


l*igure 3-29. Dark-Current Signature from a 400 X 400 \rra> on the Multiprobe 
Operating at I Mil/ with ('l l- Measurement Shown 



SECTION IV 

BURIED-CHANNEL OPERATION AND DESIGN 


Tills section is intended as a brief introduction to ai'ow the reader some insight into design 
and operation of buried-channei CCDs, 

A. OPERATING VOLTAGES FOR BURIED CHANNEL 

In Figure 4-1 a very simple, two-stage n-channel buried channel register is shown. The 
n-type buried channel layer which has been introduced into the p-substrate has n+ contacts at 
both ends. These contacts are referred to as the input and output “diodes.” Adjacent to these 
diodes are input and output gates which are separate from the clock electrodes (0,, and o, ). 
In this section the considerations involved in determining the voltages required to obtain 
buried-channei operation with this device are discussed. A simple design technique is given which 
models the buried-channei layer as an effective threshold shift. The usefulness of the effective 
threshold for other on-chip integrated circuits which have buried channel MOSFETs is shown by 
an analysis of the voltages required for a standard precharge output amplifier. 

Correct buried-channei operation requires an ion implantation (normally phosphorus) to 
convert the p-type substrate. In the initial phase of the present program, lack of close control of 
implant dose and silicon resistivity (acceptor concentration) resulted in very shallow or 
essentially no buried channel. Such devices are always characterized by lower CTE than would 
have been the case if no implant at all had been performed. This suggests some surface damage 
remains, even after annealing. 

The implant can be gauged readily by measuring the turnoff voltage for the on-chip 
MOSFET which, of course, has a buried channel between source and drain. In this program the 
optimum V T (as discussed below) for satisfactory, high CTE buried-channei operation was 10 to 
12 volts. 
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t. Output Diode and Gate 


The constraint on the voltage applied to the output diode is that it be sufficiently 'irge to 
deplete the buried-channel layer of electrons. Before this depletion occurs, applica\*„n of a 
positive clock voltage merely causes accumulation under the clock electrode layer and therefore 
essentially no modulation of the channel potential occurs. However, after depletion the only 
electrons that remain in the buried-channel layer are the signal charge (and any leakage), so that 
the clock electrodes can strongly modulate the potential in the channel. Also, the net positive 
charge resulting from the bare donor atoms results in potential distribution which moves these 
electrons away from the surface into the buried-channel layer. 

In order to perform this depletion, a positive voltage, V D , is applied to the n* output diode 
that serves as a contact to the buried channel n-type layer and reverse-biases this n-region with 
respect to the p-substrate. If another vol'uge, V G , is applied to the output gate, which is negative 
relative to the n-layer, V G < V D . a surface depletion region will extend downward from this 
gate. If the surface and junction depletion regions do not merge (as in A, Figure 4-2), depletion of 
the n-layer will not be obtained. The channel potential under the clock electrodes will then be 
only weakly modulated by the clock voltages that are applied to these gates, because the 
majority carrier electrons in the n-layer will be accumulated and thus shield the channel from the 
changing gate potentials. If, however, V p and V D - V ( . are sufficiently large so that the 
depletion regions meet, as in B, Figure 4-2, then-layer under the output gate will be devoid of 
carriers. If the voltage on the last clock phase {<t> 2 in Figure 4-1) in the off state is sufficiently 
below V D , the depletion obtained under the output gate will be extended under 0 3 . When a 
positive clock pulse (usually 5 to 15 volts) is applied to this phase (the on-state) a buried channel 
forms under this gate. This buried channel will act as a sink for the electrons in the next 
adjacent phase (4 > 2 ), which is off at this time When goes off again, the depletion will be 
re-established under <£ 3 and the charge from under the <p 2 electrode will be swept out the output 
diode. In this way the depletion will propagate along the channel until the entire n-Jayer is 
depleted. As long as the clocking speed is sufficient to prevent the n-region from being 
resupplied with carriers by leakage currents, the channel will remain depleted. For the area array 
this process continues througti the parallel section until the whole CCD is depleted. 

In a design of the buried channel layer, it is important that the voltage required at the 
output diode for depletion does not exceed any breakdown levels. In order to keep the output 
diode voltage at as low a level as possible, it is desirable to set the output gate at a low level. A 
plot of the voltage required for depletion as a function of the output gate voltage is shown in 
Figure 4-3. These data were taken on a serial register with an average doping concentration of 1 
X JO' 6 cm" 3 for the buried-channel layer and a substrate doping (p-type) of 8 X 10 14 cm” 3 . 
For these doping conditions the n-p junction is essentially one-sided under the output gate and 
the junction depletion region will not extend very far up into the n-layer. The depletion of the 
channel, therefore, must be obtained primarily by the surface depletion region extending down 
from the output gate. This explains the almost linear dependence of the depletion voltage on the 
output gate voltage, because the width of the surface depletion region is only a function of V D 
- V G . The small deviation from linearity occurs because the n-layer junction depletion region is 
actually increasing by a small amount; thus, slightly less output diode voltage is required. The 
depletion voltage does not increase with V ( . when V ( . is greater than the clock voltage (of 
8 volts) because the depletion then takes place under the Iasi clock electrode before it depletes 
under the output gale (i.e., the output gale becomes simply an extension of the output diode 
diffusion). 
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Output Gate Voltage 


Figure 4-3, Output Diode VoiCt#: for Depletion as a Function of Output Gate Voltage 


It is useful to consider the effect of the buried channel layer as simply a modification of 
the threshold under the output gate which, along with the output diode, is essentially half of a 
MOSFET. The voltage required on the output diode for depletion, V DIJ ,, , is then simply given 
by 

V DI M ~ a ^(; S 1 1 (4-1) 

where V FFF is the effective threshold resulting from the huried-chamicl layer. Typical values for 
this threshold range from 5 to 15 volts, flu* factor tv represents the degree of modulation of 
the channel potential by the applied gate potential. For shallow buried channels this factor is 
nearly ! and decreases for deeper channels. Calculations of a ami V m are made below. 

The reason that the threshold shift due to the buried charmed is termed an effective 
threshold can be seen from the transistor characteristics shown in A, I igure 4-4. An attempt to 
apply the usual definition of threshold to such a device fails because the drain current, Ijj, 
cannot be cut off by decreasing the gate voltage. The only way in which this transistor can be 
cut off (which is equivalent to depletion ot the buried channel) is to raise the potential (relative 
to the substrate) of the source diffusion (the drain voltage is always greater than the source) so 
that the gate bias is at least an effective threshold below the source. The curves in B, Figure 4-4, 
are shown with V souhci = + I? ^ ami a V , t , for this device is about 12 volts. It can be seen 
from this figure that when the gate is 12 volts relative to the source, the buned-ehannel layer 
has been depleted and the drain current can be cut oil. 
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Figure 4-4. I D Versus V D for Burted-Channel MOSFH With Substrate Voltage of 0 Volt and 15 Volt* 


Another example of the usefulness of the effective threshold is determination of operating 
voltages to be expected f om a simple precharge output circuit (reset switch and source follower) 
shown earlier as the initial part of the BSHA amplifier The source-follower transistor should be 
made buried channel to reduce the l/l noise contributions because the signal charge dc-s not 
interact with surface states. The precharge transistor should be a buried-channel device because 
lower voltages are required a! the gale to precharge the node to V RK p- 

The constraint on the voltage V K(( is that it he large enough to satisfy 

V - (,v . V... (4-2)' 

v Rif (X, ill 
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in order to bias the output diode at a sufficiently high voltage to ensure depletion of the CCD 
buried channel. Bias on the source-follower should be set so that there is low current flow 
through the device in order to eliminate interaction of the signal current with the surface states 
(and thereby obtain increased 1/f noise). In this condition this transistor is nearly cut off and 
the source (output) will then be at a voltage. 

V s - oV R( , V EFF (4-3) 

In order to bias this device in the saturation region the drain should be at « voltage given by 

V D > oV R) , \ j r( (4 4) 

Therefore, all bias voltages needed for this huried-channel output can be determined once 
the effective threshold of the buried channel layer has been obtained. In Subsection 1 11. B 
calculations are made of V, }( for u variety of buried channel layer dopings and distributions 
Vj.j F is typically about 1! volts for buried-channel CC Ds, implying '-30 V for V () . If the 
source- follower is not buried channel. V nr M)volt and V. need only be "18 to 20 volts. 

2. Electrical Input of Signals 

Usefulness of the effective threshold extends to the input circuitry us well. If the input 
introduced through the input diode and the clock voltage, V is applied to the input gate 
(either pulsed cr dc). the voltage required on the input diode V, () to keep from introducing 
signal must satisfy 

V |() (empty well) > aV ( , V ( f ( (4-5) 

If the clocks are pulsed from 0 to V . , the voltage level for a full well is given by 

V H) (full weill ^ V| ( ( (4-(i) 

where a depends on the distribution of (lie buried-channel layer but typically ranges from 0.7 to 
0 . 9 . 


In the low-noise charge extraction input technique, the input diode is pulsed and the signal 
introduced on the input gate. The diode must then be pulsed between the levels given tn 
Equations (4-5) and (4-6). 

The usefulness of the effective threshold in design is again obvious and in Subsection ill Jt 
the method of calculating this voltage level is discussed 

B. CALCULATION OF EFFECTIVE THRESHOLD 

in order to calculate the elk*, live threshold it is only necessary to calculate the or.c- 
dimensional potential profile in the direction perpendicular to the silicon surface. It is possible to 
obtain analytic expressions for this profile without charge if a sufficiently idealized doping 
distribution is assumed for the buiicd channel layer One very useful such doping distribution is 
the box distribution, which r a disc approximation to the profile obtained in epitaxial material 
Another technique for introducing the Imiu’d-cli.mnel tayn is to use an ton implantation with a 
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drive* i diffusion. The profile obtained with this technique is Gaussian, and calculation of the 
potentials with this distribution require numerical techniques. The effective threshold will be 
calculated for the box distribution in some detail and then results will be given for more 
complex distributions. 


1 . Box Distribution 


For an n-channel device the box distribution assumes a constant doping density of N D of 
width Xj beneath the oxide and a density of N A in the p-region as shown in A, Figure 4-5. If 
the assumption is made that the n -region has been completely depleted of electrons and if the 
depletion width is of length X w in the p-material, the charge distribution which results is shown 
in B, Figure 4-5. The potential has a useful form at the p-n junction boundary, X 
previous calculations have shown it to be given by 


Xj, where 


l(V f 
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and 


e ox . e $1 = dielectric constant of the- oxide and silicon 


ms 


<ss 


metal-semiconductor work-function difference 


fixed positive charge 


X , = oxide thickness 

OX 


applied gate voltage. 


"typical values fo> V )B are 1 to 2 volts, but for convenience in all numerical results Vj fi 
will be set to ?ero The effect of V. „ is merely to shift the gate voltage by V. . . The distance 


IB 

of the peak voltage in the channel from the oxide-silicon interface. X n 
from 


can be calculated 
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Figure 4-5. Buried -Channel Charge and Potential Profile* for Box Distribution 



where X w is the edge of the depletion width in the p-region and which satisfies the relation, 





2e Si 0(Xj) 
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+ X, 


(4-12) 


Using Equation (4-1 2), the peak voltage in the channel 0(X max ) can then be found to be 


«< X max) = 



0(Xj) 


(4-13) 


The lower part of Figure 4-5 summarizes these results. 

In order to deplete the buried channel the quasi-Fermi level for the electrons must be raised 
above - The quasi-Fermi level can be raised by increasing the voltage applied to the output 
diode, which is really only a contact to the n-type buried-channel layer. The effective threshold 
is, therefore, the difference between 0^ and the gate voltage, i.e., 

V EFF = ^max " V G (4-14) 

which can be evaluated using Equations (4-7) and (4-13). 


In Figure 4-6 the effective threshold at , . it gate bias V EFF is given for substrate 
resistivities of 13 ohm-cm and 4.5 ohm-cm (whir . correspond to acceptor concentrations of 1 X 
10 ,s cm' 3 and 3 X 10* 5 cm -3 , respectively). The range of n-layer resistivities, , covered is 
from 0.5 ohm-cm to 5 ohm-cm with thicknesses up to 6 pm. These curves were obtained 
assuming an oxide thickness of 1 500A. However, dependence of these curves on oxide thickness 
is very weak, so that the error in 0 max for oxides as thin as 1000A or as thick as 2000A is 
less than 1 volt. In the limit of light doping in the bulk and a junction depth large relative to the 
oxide thickness Xj > X ox the expression for V EFF reduces to: 


N ° , 

V EFF = V FB 2e 


(4-15) 


where F ra is given in Equation (4-3). In this limit, V EFF is independent of gate voltage and 
.hus the modulation of 0 max in the tuned channel is equal to changes in the applied gate 
potential, i.e., the channel modulation factor, a, which was defined in Equation (4-1) is unity. 
As the substrate do ng is increased, a will decrease. 

2. Gaussian Doping Distribution 

The doping profile (Figure 4-7) for an impurity, N d (Xj, which is introduced by a shallow 
ion implantation followed by a drive-in diffusion into a bulk acceptor density of N A , yields a 
doping profile, p(X), given by 
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p(X) = — - e 11 N. 
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( 4 - 16 ) 


where Np^ is the total dose of the implant and X - 2 v /l)t. where 1) is the diffusion 
coefficient of the impurity and t is the time of the diffusion It is not possible to obtain an 
analytic expression for the potentials using this Gaussian doping distribution; instead, iterative 
techniques must be used. 

The one-dimensional potential 0(X) is obtained by solving Poisson’s equation, subject to the 
appropriate boundary conditions. If the coordinate system introduced in Figure 4-5 is used, the 
following result for X > 0 is obtained; 


#X>- V u - v,.„ ♦ 


. [ ,x, f o - v , 1Xi ^ 

^Vs. J J Ze s. 


(4-17) 


(4-18) 


If the integrals are evaluated, then >(X) is given by 


W V, ... ./X\ „ .,f ,xx,' i n a x. 

vi XX(er , u 05 X .l. . , , 


(4-19) 


where erf(X) is the error function. Using the boundary condition that 0(X W ) = O. a simple 
equation can then be written for X w which must be solved iteratively. 
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Once X w is obtained, the potential at any point in the channel can be obtained by use of 
liquation (3-17). The surface potential 0(0) is therefore given by 


0(0) = V, 


V N 
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(4-21) 
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To obtain the maximum potential in the channel, 0 max , and the depth of that point, X max 
(Figure 4-5) the derivative of Equation (4-17) is taken and set to zero. The condition for X max 
is shown in the lowc, part of Figure 4-5, i.e.: 

V EFF = ~ V G 

A plot of V tFF for substrate resistivities of 1 3 ohm-cm and 4.5 ohm-cm is given in Figure 4-8 as 
a function of a depth of the implant X G . 

An important point to note is that the dependence of the effective threshold on implant 
depth is relatively weak and since it is possible to control the implant levels accurately, close 
control on effective threshold can be maintained. 



4-14 




SECTION V 

DEVICE TESTING AND CHARACTERIZATION 


A. CCD ENVIRONMENTAL CAMERA 

The CCD is placed in a special environmental camera and cooled to — 40°C by nitrogen gas 
which has passed through an external copper coil immersed in LN 2 . The camera also has 
capability of operating at any desired temperature from -60° to +60°C. Temperature is 
measured by a platinum resistance coil (located directly behind the CCD) and digital 
thermometer. A ring-shaped entrance and exit nozzle for the cooling gas ensures uniform 
temperatures inside the camera and, because the cooling gas is in direct contact with the CCD 
membrane, self-heating and temperature gradients across the membrane can be ignored. Thus, it 
is expected that the CCD membrane and platinum coil are at the same temperature. This was 
tested by connecting a constant current source to the serial input diode of the CCD and 
measuring the forward voltage drop of the diode as a function of temperature. The temperature 
ratio calculated from the ratio of forward voltage drops gave a CCD membrane temperature 
within 1°C of -40°C when the digital thermometer read -40°C. 

The temperature is maintained at -40°C by a second platinum resistance coil located 
behind the CCD and connected to a proportional controller which drives an electro-pneumatic 
converter. The converter changes the pressure and hence the gas flow through a heat exchanger 
coil and thus actively maintains the correct temperature. 

The camera is an evacuated, double-wall stainless steel design with double optical windows 
on a removable faceplate. The CCD header and connector are mounted on a gimbal inside the 
camera. Mechanical feedthroughs passing th-ough the vacuum wall permit ±3 degrees rotation of 
the CCD header about two orthogonal axes and ±3 mm of translation in two directions at right 
angles with respect to the camera axis of rotation. The lens is a Wollensak 65 mm // 4.5, 
Micro Raptar lens mounted on a focusing cell which is concentric with the windows and the axis 
of rotation of the camera. 

Since the entire camera is mounted on a 360-degree rotator, it is possible to image with the 
CCD and adjust the internal gimbal so that the imaged scene appears on the monitor to rotate 
about the center pixel of the CCD, while at the same time the four corners of the array are in 
focus. This guarantees that the CCD is aligned with the geometric axis of the lens, a 
consideration of importance when making lens corrections to the square-wave amplitude 
response. The experimental apparatus showing the Dewar and electronics devebped for this 
program are shown in Figure 5-1 . 

B. MULTICHANNFL ANALYZER TECHNIQUES 

A multichannel analyzer (MCA) interfaced with a calculator is used in one technique for 
measuring dark current as well as in measurements of noise and uniformity of response. The 
MCA is operated in the sample voltage analysis (SVA) mode, where the voltage at the input of 
the MCA is sampled at a time determined by an externally derived strobe pulse, and the channel 
corresponding to the sampled voltage has its contents incremented by one count. If each pixel 
amplitude is sampled as 't is read out of the CCD. the result o r the SVA mode is to give a plot 
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of the number of pixels having a given voltage amplitude versus the voltage amplitude. This plot 
can be displayed on a CRT and photographed. In addition, an HP 9820 calculator, which is 
interfaced with the MCA, can sample the contents of the 1024rchannel memory of the MCA and 
perform arithmetic operations on the contents, such as finding averages and standard deviations. 

The MCA is a Hewlett-Packard S401B interfaced with a Hewlett-Packard 9820A calcuiator. 
There are 1024 channels of memory with 10 6 counts per channel and a conversion gain ranging 
from 4096 channels/ 10 volts to 512 channels/ 10 volts. System dead time after each voltage 
sample ranges from 31.5 to 7.5 jus, depending on the conversion gain. It is impossible to sample 
successive pixels spaced closer than the dead time. At a 10 kHz data rate each pixel can be 
sampled successively, but at 1 MHz, for a conversion gain of 1024 channels/ 10 volts, the dead 
time is 10.5 ps, corresponding to 10.5 bits. In this case the strobe pulse must not be generated at 
the data rate but rather, for example, every 15 bits. This pattern of every 15 bits is incremented 
in phase by 1 bit once each frame, so that after 15 frames every pixel has been sampled. This 
pattern sampling can be accomplished by a so-called bar-dot generator, which also has the 
capability of providing rasters that are phase locked. 

C. DARK CURRENT 

At room temperature, dark current can be realiably measured by either an integration 
technique or by precharge current measurements. 

The precharge current method is accomplished by measuring the precharge current I pc (1) 
of the CCD under normal operating conditions and subtracting the precharge current I pc (2), 
measured with the serial register operating in reverse so that array dark current is shifted to the 
input diode. I pc (2) is amplifier and header leakage. For the 160 X 100 array, reverse operation of 
the parallel section is possible with dark current being removed via the upper serial register. The 
dark-current contribution of the serial register only can therefore be determined. For the line 
scanners, the 10 lines and serial register are assumed to generate equal dark currents per unit 
area. The dark-current density is 


J D (PC) = I d (PC)/A 


where A is the active array area 

A = Nd x d y + d x d y 

N = Number of pixels, d x , d y pixel dimensions in parallel sec*ion 
d x , dy pixel dimensions in serial register 
(0.9 X 1.0 mil 2 ). 

The integration technique of dark-current measurement begins with a current-to-voltage 
calibration of the output amplifier and external circuitry to the MCA. This is done by injecting 
current I< V) at the input to the serial register and measuring the video voltage with the MCA 
with the serial register operating at a frame time r F . This is done for several values of input 
current and a calibration factor, K! volts/ampere, is obtained from a plot of 1( V) versus V. 
During this measurement the paralllel clocks are turned off to minimize dark current from the 
array. However, input current can be easily made much higher than this dark current 
contribution, so the value of Ki is accurately determined. 



The array is returned to normal operation and an integration time chosen to allow 
accumulation of dark carriers amounting to 5 to IS percent of a full well. This population level 
ensures that the resulting video voltage is above drift in the amplifier chain prior to the MCA. 
After the required integration time, the device is read out to generate V v volts. A plot is made 
of V v against frame time, t f , to obtain a factor K 2 volts/second, which can be simply related to 
the dark generation of carriers. The dark-current generation rate is essentially independent of 
well population up to at least 1 5 percent full well, allowing a unique value of K 2 to be 
determined. The dark current is simply 


I D = K 2 T). /K i ampere 

Although the integration method is more tedious than the precharge method of measuring 
dark currents, the integration technique must be used at low temperatures where header and 
amplifier leakage currents may be much higher than the dark current being measured. At room 
temperature, where header and amplifier leakages are generally much smaller than the dark 
current, good agreement has been found between the two methods. 

D. DARK CURRENT UNIFORMITY AND BLEMISHES 

With the CCD in complete darkness and after an integration time sufficient to produce a 
dark video voltage signal well above the drift in the amplifier chain to the MC. V , the device is 
read out and the distribution accumulated in the MCA. The dark nonuniformity is defined as the 
RMS deviation of the distribution divided by the mean. Dark-current blemishes, defined as the 
number of pixels contributing signals >4 percent of full well are counted by the MCA. Blemishes 
defined in this way do not distinguish between localized dark-current spikes and high regions of 
generation, for example at the corners of the array due to heating effects of on-chip amplifiers. 

E. SPECTRAL RESPONSE 

The responsivity, K. can be measured in the following manner. The imager is uniformly 
illuminated, and the precharge current, I, is measured as a function of incident photon power, P. 
Under the assumption 


1 = K P 1 + I n 

a plot of In (I - I D ) versus !nP should result in a straight line of slop 7 . (K is called the 
responsivity and Ip is the dark current, including all leakage contributions.; 

For current levels below nominal saturation it is expected that 7 is a constant having a 
value a 1.0. The constant K is termed wideband responsivity (K) or spectral responsivity (K x ), 
depending on whether the light source is wideband, or narrowband centered about X. The 
responsivities obtained at a given well population (i.e., given I l n and frame time r,.)by the 
prescription (I - Ip)/P are defined as wideband sensitivity (S) or spectral sensitivity (S x ). 

It should be pointed out that if 7 is not unity, then S = (I Ip >/P depends on P. If K is 
measured in units of amperes/watC , then if 7 is slightly different from unity, K can be 
significantly dilferent troni S at the 1 -jjW level. For example, suppose 7 = 0.95 and K = 0.100 
ampere/ watt 0 95 . At the lv '♦ level S = 0.100 X ( 1.00)° 95 / 1.00 = 0.100 ampere/watt, but at 
the l-#iW level, S = 0.100 X , 10 6 ) 09 s /I0 '’ = 0.200 ampere/watt. Thus, to make K more 


representative of S at the incident power levels of interest, the units of K are chosen as 
nanoamperes/microwatt 1 ' . In this case, at the l-/uW level, S and K are identical. However, 7# 1 
should be regarded as an experimental problem. Recent data on many arrays at Texas Instruments 
shows 7 = 1 within better than 1 percent for a large number of arrays tested. 

Once K x has bten obtained at each wavelength, it can be plotted as a function of X. However, 
to avoid this tedious tit of data taking, we plot, instead, spectral sensitivity, S x . measured at a 
fixed well population, fixed precharge current level, where 

S* = (I l„ )/Px 

The quantum efficiency (QE) of the device is defined as the number of charge carriers 
accumulated in the depletion wells per incident photon, at a given photon wavelength. From this 
definition we have 

QE = (he /e) S K /\ = 1.24 S*/X 
where is in amperes/watt and X is in micrometers. 

For purposes of rapid comparison, the spectral sensitivity of the imager is plotted together 
w.tn curves of constant quantum efficiency. Note that from the above definition of QE, 
reflection losses lower the QE, and these losses are not corrected for in the data that are 
presented. 

The experimental setup for spectral sensitivity is the following. A 3400°K source is 
provided by a tungsten halogen lamp. The light beam passes through a set of neutral-density 
filters which are mounted in slides at 45 degrees to the beam in a light-tight box. Light reflected 
from the filters is trapped by a parallel array of thin, blackened plates. This prevents light from 
bypassing the filters and makes the filters additive to a good approximation. The filters have 
densities of 0.1, 0.3, 0.5, 1, 2, 3, and 4, so that light can be attenuated up to a factor of 
10 10 ' 9 , ignoring light leakage and multiple reflections. A spectral filter wheel is interposed 
between the neutral density filter box and the environmental camera. The spectral filters are 
thin-film interference filters. The lens is removed from the camera for all nonimaging tests. 

The light le. *1 is varied by the neutral density filters to keep the CCD well popul *‘ ; on 
roughly the same for each wavelength selected by the filter wheel. The total filter density 1 t 1 is 
recorded for each wavelength, and the ('CD precharge current is measured by a Keithley 616A 
autoranging digital picoamneter. The integration tune must be reduced to a near zero value in all 
tests involving precharge current measurements so that the device is continuously clocking out 
charge into the picoammeter. Otherwise, the picoammeter does not provide an accurate 
time-average current measurement. When these measurements are complete the CCD is removed 
from the light beam and a silicon detector probe is placed in exactly the same position for light 
intensity measurements. A Tektronix JI6 radiometer and J (>502 silicon detector probe are 
currently being used. 


The wideband sensitivity, S, can be computed from the measured spectral sensitivity, S x , 
numerical integration of the relation 


S. (dP./dX)dX 


(dP. /dX)dX = S (itg) 


where dP x /dX is the blackbody spectral power distribution for the source temperature, T, 
desired: 


dP x /dX « X _s [exp(hc/XkT) - 1] 


F. SATURATION LEVEL 


Various definitions of saturation level in a CCD have been proposed by different workers. 
One relatively common definition is based on the measurement of wideband signal transfer of 
the imager. In this measurement, the imager is uniformly illuminated with a wideband light 
source and precharge current, I, is measured as a function of incident photon power, P. If I - I D 
is then plotted on log-log paper, the resulting curve will be a straight line over a certain part of 
the range, with slope approximately unity. If the relation 

I = K P> + I D 

is assumed, the slope on log-log paper is y. Thus, y is constant and approximately unity over 
part of the range. For higher values of P, y will begin to decrease as the CCD becomes so saturated 
with charge that carrier recombination (or removal at some point other than the precharge 
terminal) increases faster than carrier photogeneration. Saturation level is then defined as the 
power, charge, or current level at which y reaches some arbitrarily selected value, for example, 
0 . 8 . 


The definition of saturation should reflect the upper limit of the useful operating range of a 
sensor. The definition in terms of y does not always meet this criterion. For example, in many 
CCD imagers, blooming of charge from one pixel to the next will occur before y begins to 
decrease appreciably. In such a case, saturation should be defined as the level at which the onset 
of blooming occurs. Unless certain special design and operational steps are taken to control 
blooming, the useful range of virtually all CCDs will be limited by blooming rather than by y 
decrease. For this reason, the maximum well population at the onset of blooming has been 
adopted as the definition of saturation level for the measurements made under this program. 

The procedure by wl ich this level is determined is as follows. A Nyquist frequency horizontal 
bar pattern (bars parallel to the output serial register) is focused on the device, and the resulting 
video is observed on an oscilloscope. The intensity of the light is increased until the output level 
of illuminated pixels suddenly stops increasing, and the output level of unilluminated pixels begins 
to increase. At that point, the output voltage corresponding to the peak of the bright bars is 
measured on an oscilloscope. From this voltage is subtracted the output voltage obtained in 
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the absence of an optical input. The resulting signal voltage, , is then converted to the 
equivalent well population. 

G. NOISE AND DYNAMIC RANGE 

Measurements of temporal noise were made using the on-chip BSHA circuit with the 
internal sample gate biased on so that the output is essentially a simple precharge amplifier 
output. The dummy output is not used. The signal output is fed into an off-chip double 
sampling circuit, similar in function to the on-chip CCA circuit described in Section II.B of this 
report. This circuit removes noise resulting from presetting the output node, which would be the 
dominant temporal noise source on these devices. Only one pixel is sampled per frame, so that 
fixed pattern (spatial) noise sources will not affect the measurement. The rms noise level on this 
single pixel is determined by amplifying the noise level with a low-noise preamplifier (gain = 
100) and after further amplification, storing this level in a multichannel analyzer. After repeated 
samples have accumulated in the MCA, the variation of this level is analyzed using the HP 9820 
calculator to determine the standard deviation of the resulting Gaussian amplitude distribution. 
Usually, the video channel is low-pass filtered prior to the double-sampling circuit, to a 
bandwidth of about twice the clock frequency, or about four times the Nyquist frequency. This 
reduces the amount of wideband amplifier noise aliased into the measurement by the sampling 
circuit, which is not an intrinsic noise source in the CCD. The resulting rms voltage determined 
from the MCA data is then converted to an equivalent rms number of noise electrons per charge 
packet using the total measured video gain, and the relation between signal voltage (at the CCD 
output node) and well population. 

Operation of a clamp-sample-and-hold circuit (CSH) is shown schematically in Figure 5-2. 
The circuit is composed of three MOSFET switches, S, , S 2 , and S 3 ; three buffer amplifiers, Aj, 
A 2 , and A 3 ; and two intentionally introduced capacitors, C c and C SH . Also shown in the figure 
is a low-pass filter following amplifier Ai, which, for simplicity in analysis, is a simple 
single-pole, low-pass filter characterized by R, , C, . 

Operation of the circuit begins at time t G by the switch Si closing (Figure 5-3 shows a 
typical waveform) and charging the stray capacitance C u to the voltage level V ref . The “on” 
channel resistance of switch Si introduces a thermal noise voltage component on the final value 
of voltage attained at node 1. The equivalent number of noise electrons resulting from this 
operation is (kTC 0 ) w q'*. In terms of the waveforms shown in Figure 5-3, this is manifested as an 
instantaneous uncertainty in the voltage of the waveform from time t, to t 3 , which is given by 
(kT/C 0 ) w . This uncertainty which appears at nodes 2 and 3 of Figure 5-2 is eliminated by 
closure of switch S 2 at time t 2 . This sets node 3 to a known reference, V clamp . The uncertainty 
in initial preset voltage at node 1 is stored on C c and is, therefore, effectively removed from 
node 3. Signal charge is then sensed as a shift in the voltage at time t 3 . For further 
signal-to-noise improvement, the signal level is sampled and held at node 4 at time t 4 . 

Dynamic range is defined as the ratio of saturation well population to rms number of noise 
electrons. 
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H. RESPONSE NONUNIFORMITY AND BLEMISHES 

The uniformity of response of the CCD to incident light is determined by sampling the 
video with the MCA. Care is necessary to avoid saturating parts of the CCD at high light levels. 
Again, the mean and the standard deviation are calculated from the video. The response 
nonuniformity is defined as the ratio of the standard deviation to the mean. The mean video 
level is recorded, expressed as a percentage of saturation level. This measurement is made for two 
different illumination cases: wideband (usually 3400° K color temperature) and narrowband, at a 
wavelength of 0.4 pm. In addition to the MCA measurement, photographs are also taken of the 
monitor display and of oscilloscope traces of a single line and a full frame of the video 
waveform. 

The blemish count is made by a calculator program which determines the number of pixels 
contributing signals from 0 to 0.75 V mean and above 1.25 V mean . The blemish count does not 
distinguish between gradual changes in responsivity across the device which can occur due to 
nonuniform membrane thinning and the isolated blemished pixel. 

I. CHARGE-TRANSFER EFFICIENCY 

Charge-transfer efficiency (CTE) measurements for the serial register are made by electrical 
input of a square pulse at the serial input diode. To facilitate CTE measurements as a function of 
bias charge level (fat zero, FZ), a square pulse of amplitude E o is offset by an amount E FZ 
(B, Figure 5-4). 

The resulting video output is shown schematically in Figure 5-4. The reference level for zero 
FZ (v pz = 0) is determined by increasing E,. z at the input diode until the video output level 
remains stationary for further increases in E (Z . The saturation level V SAT or full-well condition 
for this measurement is determined by decreasing F,. z until the video output level remains 
stationary for further decreases in E pz , or until the output pulse train begins to spread due to 
blooming, whichever occurs first. The amounts of fat zero and video signal are expressed as 
fractions given by v, z /v SA1 and v T /(v SAT - v, z ). 

It can be shown that the charge transfer efficiency is given by 

CTE = 1 - e 

where e is the transfer inefficiency given by 



N = number of transfers, v T is the steady-state signal voltage, and v ( (i = 1, 2, 3, . . .) is the 
voltage decrement in the ith pulse of the output signal packet, as shown in Figure 5-4. For the 
100 X 160, N = 3 X160= 480. 
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(B) FAT ZERO AND SQUARE PULSE INPUT TO SERIAL INPUT DIODE 


Figure 5-4. Fat Zero and Square-Pulse Input to Serial Input Diode and Video Output 


The purpose of studying CTE as a function of FZ level is to determine the level that is just 
adequate to eliminate fixed losses resulting from surface states or other loss mechanisms. A 
smaller amount of FZ limits low light-level resolution, and a greater amount limits dynamic range 
without measurably improving resolution. Elimination of fixed loss is determined from the shape 
of the output waveform. Referring to Figure 5.4, the loss will be purely proportional (no fixed 
loss) if Vj = Vj' (i= 1, 2, 3,...). A deviation from this symmetry is indicative of a fixed loss 
mechanism. 


J. SQUARE-WAVE AMPLITUDE RESPONSE 


Square-wave bar charts are focused onto the imager with a 55 mm Ultra-Micro-Nikkor, f/2 
lens, stopped down to // 8. The magnification of the bar charts is adjusted so that the image of 
the highest spatial frequency bar chart matches the Nyquist frequency of the imager. The 
Nyquist frequency of the imager in the x and y directions (rows and columns of the imager) is 
defined as 

f NYQ.X = 1/7 d x , f NYQ.y = ^ d y 

where d x and d y are the pixel dimensions in the x and y directions (noninterlaced). For the 
device being studied f nyq,x = - 1 -9 line pairs per millimeter. 

The square-wave amplitude response (SWAR) is defined as the modulation observed at the 
sample-and-hold amplifier, for a given spatial frequency square-wave bar chart, i.e., 


SWAR = 


V - V 

nux min 


V + V . 

max mm 


V is the voltage amplitude of a given pixel at the output of the sample-and-hold amplifier, and 
V max and V min are obtained by alternately adjusting the phasing between the bar images and 
the given pixel to obtain first a maximum and then a minimum response. The irradiance level is 
adjusted so that with uniform illumination the corrected precharge current is in the range l sat / 2 
< I - I D < l sat . The SWAR for both vertical and horizontal bar patterns is measured in the 
center of the array. Measurements are made using both wideband and narrowband light. 

The effect of the lens on the measured SWAR values can be estimated according to the 
following procedure. Assume the aperture of a CCD pixel has a rectangular sensitivity function 
for which the modulation transfer function (MTF) or sine-wave response function is 

sin((7r/2) (F/F NYo )] 

MTF (F) = — 

aperture' (tt/2 ) < F/F NYQ ) 

where F is the spatial frequency of a sine-wave light intensity distribution incident on the pixel. 
Assume that a square-wave bar chart of spatial frequency F, maximum intensity 1„ + I, and 
minimum intensity I 0 I, [i.e.. having a contrast (I MAX I\hn 1/Imax + *min * = Hi/l,,)! is 
imaged onto the CCD through a lens having a known MTF as a function of frequency. It may 
then be shown that 






8 F nyq n - 1 sin[(mr/2)(F/F NyQ )] 

\ (-1)— — X 

j r F Lj 2 n z 


x mtf lens 


(nF) 


Note that the factor (1/n 2 ) heavily weights the lower frequency MTF values of the lens. 

For CCD evaluation a Nikon lens at an // 8 aperture, magnification of 10:1 is used, and for 
F NY q = 21.9 lp/mm we find that 


SWAR(F = F nyo ) = — -r 


1.90 0.62 

I 2- + _ 3 2 ~ + 


= 0.80(1, /I) 


where the experimentally measured MTF values for the lens, with wideband illumination, have 
been used. A similar calculation for the Wollensak lens yields a response of 0.65 (1,/I 0 ). The 
measured bar chart contrast is greater than 99.9 percent over the range of 0.4 to 1.1 microns, so 
the factor (1,/I 0 ) can be taken as unity in Equation (5-2). 


Note that a large loss in square-wave amplitude response is incurred because of the lens. If 
the bar chart contrast is 100 percent, i.e., I, =I 0 , an aperture with a square aperture response 
function and having the same dimensions as a pixel would only show an 80 percent (65 percent) 
SWAR at the Nyquist frequency because of lens degradation, whereas if the lens were perfect, 
the SWAR would be unity out to the Nyquist frequency, dropping to zero at twice the Nyquist 
frequency. 


Rather than establish an upper limit for the response of an idealized aperture, we might try 
to correct directly the SWAR data for the lens degradation. If sine-wave response were being 
measured, the sine-wave response of the CCD could be found by simply dividing the measured 
sine-wave response by the sine-wave response (or MTF) of the lens. For square-wave amplitude 
response measurements, the procedure is more difficult since a summation of sine-wave response 
products must be inverted. Referring back to Equation (5-1), we have 


SWAR(F) = (4/jt)^T (-D ~ (l/n)MTF lm (nF) X MTF (TD (nF) (5-3) 

n = 1,3,5... 

where the square aperture response approximation has been replaced by the actual MTF of the 
CCD, and the contrast of the bar chart has been set at 100 percent. 
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Equation (5-3) may be inverted to yield a value for MTF CC0 (F), MTF CCD (3F), . . . , which 
can be used to give 


SWAR^ptF) = 4/rr 


5^ C-l>-~ — (l/n)MTF cxru (F) 

n* 1.3,5... 


(54) 


The inversion, however, requires experimental values for SWAR(F), SWAR(3F), .... 

The actual procedure for measuring the square-wave amplitude response is to motor drive a 
bar chart past the lens, and sample-and-hold a given pixel amplitude from one frame to the next. 
The sample-and-hold output is displayed on an X-Y recorder. The result is a plot of the 
modulation produced by the bar chart at the given pixel of interest. The bar chart consists of 1 1 
sets of bars of different spatial frequencies produced by a Gerber plotter in the photomask area 
of Texas Instruments. 

Measurements are not made with a fixed bar chart for several reasons: 

If the device has an SWAR gradation across the image area (a common property of 
charge-transfer devices), a fixed bar pattern precludes a purely local measurement 
from being made. This is usually a small effect unless there are open clock lines 
leading to sudden discontinuities in SWAR. 

A fixed bar pattern can lead to the modulation pattern being distorted by blemish 
pixels or slower response variations. 

In addition, at frequencies near the Nyquist frequency, the phasing of the bar chart 
with respect to the CCD pixels must be varied in order to maximize the 
modulation, which means that at the very least the bar chart must be moved 
manually. 

With the addition of special sample-and-hold electronics, a moving bar chart can lead 
to an accurate, automated plot of the SWAR of a given pixel. 

K. RESIDUAL IMAGE 

Residual image measurements are made by imaging a high-contrast bar chart that is strobed 
with a xenon flashtube during one integration period. The resulting image is read out of the 
CCD. During the next integration period the device is kept unilluminatcd. After this integration 
period has ended, the device is read out and any trace of the bar chart pattern constitutes a 
residual image. Line and frame photos of the first and second readouts are taken from an 
oscilloscope to quantitatively record the images. 

L. MEMBRANE PLANARITY 

Membrane planarity is measured by a Zeiss flatness tester using a 0.624 pm laser source or 
interference microscope with a 0.56 pm source. The Zeiss tester is basically a large field-of-view 
Fizeau interferometer. The field of view is variable from Vi to 3 inches. 
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The reference mirror of the flatness tester is adjusted to give the minimum number of 
fringes, a condition which makes the membrane perpendicular to this mirror on the average. 
Under this condition, the fringes form closed loops of decreasing dimension where the point 
about which the loops collapse is the highest (or lowest) point on the membrane. If N fringes are 
counted from this point to the edge of the active area of the CCD, then the membrane planarity 
is 


planarity = ±NX/4 (5-5) 

The Zeiss flatness tester is being modified to give a greater working distance between the 
reference mirror and the CCD to investigate the possibility of planarity measurements of devices 
which are cooled inside the environmental camera. The double-window assembly of the camera 
requires about 1 .5 inches of working distance, whereas the present working distance of the 
flatness tester is 0.1 inch. A greater working distance will be accomplished by replacing the 
incoherent cadmium source with a coherent, beam expanded, helium-neon laser source. This will 
have the additional advantage of more clearly defined fringes since the helium-neon laser line is 
extremely narrow compared to the cadmium source. 

For the 400 X 400 arrays the variation from membrane center to edge amounts to about 
2 mils. Using the interferometer to observe the fringe pattern results in very closely spaced 
fringes which are difficult to count. Several nonoperating 400 X 400 arrays were thinned, then 
coated from the front side with epoxy. This stiffens the membrane and allows a mechanical 
probe (Talleystep) to be moved across the surface in order to measure flatness. This allows an 
estimate of results using similar thinning technology on defect-free CCDs. 
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SECTION VI 

CCD OPTICAL CHARACTERISTICS 



A. GENERAL IMAGING 

The performance of thinned CCD images was extensively studied both at 24°C and -40°C. 
Repeated cycling between these temperatures has never resulted in device failure. The devices 
studied were all mounted to the ceramic headers using room-temperature epoxy. The first 
100 X 160 tested had epoxy completely covering the front of the array for membrane support. 
This resulted in cracking of the membrane at -20°C and was immediately abandoned. 

Detailed parameters measured on the arrays delivered to JPL are given in the appendixes to 
this report. These tests were designed to allow some insight into operation of the devices at the 
low data rate (10 kHz) and long exposure times required in the original contract. Initially, it was 
desired that all measurements be made at -40°C and 10 kHz. Early in the program it was 
demonstrated that some parameters were unchanged in cooling from 24°C to -40° C and were 
more easily measured at 24°C. In such cases, later measurements were performed only at 24°C. 
These types of measurements are spectra) response, CCD signal versus light intensity, and square 
wave amplitude response; each is discussed separately below. 

Figure 6-1 shows monitor photographs of imagery taken with a 100 X 160 array and a 
400 X 400 array. The experimental apparatus used ? strobe (pulse ~5 jus) to illuminate a 
positive print of the IEEE Standard. This target is chosen because of the many gray shades. The 
object is focused on the CCD by a lens and, after the strobe pulse, the CCD is read out in the 
dark to simulate a shuttered mode of operation. The video display on the monitor is adjusted to 
give about the same size display for each sensor. The lines in the 400 X 400 are just blurred 
into each other and are not visible in Figure 6-1. A Polaroid MP4 camera is used to photograph 
the TV monitor. The 400 X 400 shows two types of defect which are common in CCD 
fabrication. The first is a partially blocked parallel channel. Thus, information above it cannot be 
transferred to the output and a black line results (upper right of photograpn). The second type 
of defect is a dark-current spike. Here it is streaked over an entire column. The data rate is 
1 MHz and at 3 MHz data rate the spot is isolated to a few pixels. The resolution of the image is 
extremely good and no degradation is seen at points far from the CCD output. Such results 
(JPL 1 1, Appendix D) indicate very high parallel CTE. 

Figure 6-2 shows imagery taken at ~40°C. It appears that the CTE of the array is 
unaffected by temperature between 24°C and -40°C. in A, Figure 6-2, the data rate is 1 MHz 
and the Jark-current generation is reduced in the blemished pixel so it can no longer be detected 
in the photograph. In B, Figure 6-2, the data rate is 10 kHz, corresponding to a frame time of 
16 seconds. During this time, the number of electrons generated in the blemished area are 
contributing to each charge packet as it transfers through that area and so results in the white 
line across the array. The reason that these photographs show the white line both above and 
below the defect site is because several frames have been integrated by the camera. A single 
frame should only generate a white streak from the defect site to the top of the array. For the 
10 kHz readout an electronically controller shutter over the Dewar window was used to keep the 
array in the dark. If the array is not shuttered, that is, light falls on it during charge transfer, the 
well population does not reflect the true object exactly because each transferring packet sees a 
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Ttgure 6-2. Imagery *« -4CfC Taken at I MH* |AJ; ami 10 kHz <B) 


(B) 

10 KHZ - 4C“C 
FRAME TIME 16 sec 



time of 3:1 is recommended. 

The appearance of an image taken with a CCD depends strongly on the conditions under 
which it is taken. For example, consider the case of an imager characterized by high 
concentration of dark-current spikes, if a picture is taken with very short integration time, i.e., 
short Hash and high intensity illumination toll owed by a fairly rapid readout, the dark-current 
sites may not fill up appreciably with electrons and the image will look relatively defect f r ee. If, 
however, the scene is illuminated at low light levels, the device must integrate for longer periods 
to build up signal charge. However, all the defect sites now have an increased time to generate 
spurious electrons so that after readout, the delects are quite obvious. A photograph taken with 
an imager which had a number of localized defects is shown in A, Figure 6-3. Here, the array is 
strobe illuminated and then allowed to remain m the dark for 1 6 seconds before readout at 
I MHz. The detects have had time to build up appreciable m the I n-seeond frame time and 
appear localized. If such an arras was strobe illuminated and read out immediately, only the 
1 1 right line would be visible. The black line is constant since it is due to a blocked channel. 

B, Fig » ' i. shows the image if the object is strobed and then the CCD is read out immediately 
- ■ 1 : 1 fame tune is then the same as in A. hi 6-3. 1 loc I > 1 . 

are not appai nt since time is not allowed and the defect sites are con: r fly em ed as each 
packet transfers thiough it. 

The capability of the arms at low light levels was hnedy investigated. To achieve good 
imaging at low levels, uniform dark current and good uniformity of response is required. 
Figure 6-4 shows a series of pictures taken from the monitor for different light levels as 
controlled by neutral density filters. From knowledge of the lull well electron population and 
the neutral density filters used, it is straighten ward to determine the number of electrons on one 
pixel. It is quite easy to pick out the detail on the bar chart at a level of 300 electrons. 

During the initial characterization of imagers in the program it became apparent that the 
devices were producing alternate light and dark lines on the monitor for uniformly illuminated 
objects. This line pairing effect is shown in A. Figure 6*5, where an oscilloscope display of 
several lines is presented. I he magnitude oi the !ine-tu-line variation was a junction of operating 
potentials and could be minimized to not less than about 5 to 10 percent by appropriate 
optimization. This is illustrated In video Par!. -ament signatures taken with operating potentials 
shown in C, Figure o*5. This uttifuiul s.omtnifoimily was undesirable trout any systems 
application viewpoint As pointed «»ul in Section II. a feature :tf the % £tf> iluuble-lvc! CXI) is 
that a given phase, for example, o, in the parallel section, occurs under a 1st, 2nd, 1st, 
2nd . . . electrode. 

Since C>{ is held Inch to liitegiate Juices m the pal, die I section, any small differences in 
collecting silicon area will fie reflected in a series of tines which are high, low, high, low , . , To 
test the idea tlut it i fie relives In (ween hisi ami scumd level electrode areas give the pairing, the 
parallel integration is done using £>. + o, so that the integrating cell also is always composed of 
3 1st and 2nd level eleco nle lilts k shown in B. 1 ante n V when- it is clear that the hue 
pairing is eliminated. The data -.b.w.u in \ I niu o-i,, is the sqiMie wave amplitude response 
taken using first line 51, bit so Hicu line'.’ bn Ml, with integration nudes o, only I lien 







surface. These charges, as well as using the available storage capacity of the well, are usually 
generated from a nonuniform distribution of generation centers. The magnitude of the effect can 
be seen from the dark-current charge 
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Carriers from the neutral bulk can diffuse 
to the depletion region giving 
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Surface states can also generate dark 
current. This contribution is 

1 4 = Uqn, o,v ( rrk I N ss 

where 0 . can be from 1 X 10' 14 to 1 X 10 16 and N Si cun |c is low as 2 X 1 () ,> with optimum 
processing. For n s = I0 is and N ss = 2 X IQ* 

1 4 = - n A'cnr 


From these figures it can he seen that the dominant sources, of dark current will be due to 
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One of the contributing factors to the total dark current of an array was determined to be 
dependent on the bias of the load MOSFETs on the BSHA and CCA, The effect appeared to be 
due to heating of the thin CCD membrane by the power dissipated in the amplifier MOSFETs. 
Titus, the area around the two output corners of the array is at a higher temperature than the 
rest of the membrane. As a result, the dark current is higher in these areas. There are four active 
MOSFTT loads in the BSHA and four source-follower MOSFETs; under bias the power dissipated 
was about 150 milliwatts. The effect of this is shown in Figure 6-8. The bias voltage on the toad 
MOSFETs is V fg and the resistance of this load is a function of V gp . Decreasing V gg results in a 
reduction of the bright areas on each corner of the array which are areas of locally higher 
temperature. The value of V gf , cannot be reduced indefinitely, however, and usually the lowest 
was used for array operation consistent with operation of the follower with an adequate 
bandwidth. The contribution of this heating toward filling the potential wells of the CCD 
increases with the time during which the device is held in the integrating mode. For example, a 
rapid 1 MHz data rate and integration times in the tens of milliseconds regime did not allow a 
significant buildup of dark charge anywhere in the array. However, for long exposure times of 
say, 5 seconds at 40° C. followed by MHz readout (0.16 s) or 10 kHz readout (1 .6 s), the dark 
charge generated near the amplifiers would result in a significant spurious well population. With 
increasing time, the dark charge would initially saturate the CCD in the corners and then spread 
into the array. The effect on average dark current is shown in Figure 6-T In this experiment the 

is gated off during the integration period so that there are no spurious amplifier effects 
1 • ing this period. The amplifier is then gated on during readout. The avesv i dar cum it is a 
strong function of the ratio of t ro to ry and approaches the true value of array dark current at 
long tj. Two cases are shown. The first is data taken with the 100 X 160 in a static ambient 
(atmosphere) and the second with room-temperature nitrogen blowing around the device In the 
first case, the device temperature appears to be uniformly increased from ambient. Note the 
significant increase m J 5 , due to heating from the long r f value of Ml. 7 nA to 3.2 n A wills 
continuous readout. This mode of operation was, of course, not particularly effective at 10 kHz 
data rates since the readout time is necessarily long and array performance is limited. The 
magnitude of the effect depends on the location of the output amplifier with respect to the thin 
membrane. In Figure (At the amplifier is about 1 5 mils onto the thin membrane away from the 
thick silicon rim. Such a large window results in better intrinsic uniformity from the thinning 
process but much stronger heating due to the high thermal impedance. Positioning of the 
amplifier on the thick silicon gave less apparent heating due to the large mass of silicon present 
to dissipate the heat. 

Because of the problem of localized dark current, the amplifier on the 400 X 400 was 
designed with no on-chip load MOSFETs, There will still he. however, some 20 milliwatts of 
power dissipated on-chip due to a drain current of -2 mA and a source to drain voltage about 
10 volts V t |, may be able to be reduced further fora sc. face-channel MOSF1 I but some power 
must be generated and this will lead to a (much smaller t temperature rise in the neighborhood of 
the output corners of the array. It was expected that because of the tow data rates required lor 
eventual array operation, a higher value of source-follower load resistor. R t than normally used 
(50 kilohms versus 4.7 kilohmsi would further decrease the amount of power generated in the 
follower MOSI'l 1 Use of a 50 kiiohm external load with the 400 X 400 appears to reduce the 
heating to less than 2 0 C of ambient while maintaining a bandwidth through the follower of 
about 1 MHz. The dark -current uniformity aiso increases if the heating effect is eliminated Note, 


however, that variations in dark current become progressively less important as the magnitude 
decreases. 
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uniformity. The highlights in the Figure 6-4 data were maintained at 40 percent full well so the 
maximum storage time is the time to fill the remaining 60 percent of the well capacity, for this 
experiment R L = 50 k U and, in addition, the source follower was gated off during the storage 
period to completely eliminate heating effects. The effect of amplifier heating is small, however, 
in this cast*. 

Two characteristics of the area imagers which are important in operation of the devices are 
the magnitude of the dark current at -4G°C and the dependence of dark current on clock 
voltage. 

The temperature dep lei ce of the dark current is especially dependent on the heating 
effect. This can he seen from Figure 6-1 where a 1°C tern} erat re rise at - 40° C gives a larger 
increase in J 0 than a !°C rise at 24° C ambient. To observe the intrinsic variation of J D , In om 
should he negligible a* ail temperatures and, for early aticvs, this was not the case. For the 
400 X 400’s and later 100 X 160’s, 50 kilohm externa! load resistors were used in such 
measurements and the experimental results confirm very closely the expected intrinsic depend- 
ence. These mt tsi - ne its are given in A, Figure 6-11, and were taken by sampling all 160,00 
pixels of a 400 X 400 using the mult nel analyzer. The dark current is obtained from the 
peak of the I approximately) Gaussian distribution, ignoring the few highly blemished defects m 
the array. Note that the magnitude of the dark current at 24°C is 0,4 nA/cm and at - 40‘V is 
1 pA/enr. In this experiment the array is read out at 1 MHz. At low data rate <10 kHz), 
particularly for some of the smaller arrays, the heating effect at the output during the readout 
time results in higher dark current than expected at 40° C This contribution can be large, 
particularly with low source-follower resistors since the amplifier is usually well into the thin 
silicon for The 100 X 160. 


The temperature dependence of the dark current is also a sensitive measure of the quality 



for good arrays is so small that it is indistinguishable from various do leakages on the CCD 
header. 


The second characteristics of importance is the dependence of dark current on the clock 
voltage required to transfer charge. If the array dark current is dominated by bulk generation 
centers, it is expected that the dark current will increase as V r , H because of the increase in 
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depleted silicon. If surface generation dominates, a much smaller dependence on V C1 would be 
observed. A rapid increase of dark current at some clock voltage may signal carrier generation 
from an avalanching reverse-biased junction between the p* channel stop and n layer. It is 
observed that »rray dark current of buried-channel imagers is essentially independent of ¥ C1 , the 
parallel dock voltage (B, Figure 6*11). Park current increases with substrate bias. 

It is expected that both contributions will scale with temperature a n t in agreement with 
the experimental data of A, Figure 6-1 1 , 

As indicated in Section 111, some 400 X 400 processing was performed on 3-inch silicon 
slices. Although the process sequence was very dose to identical to that successfully used for 
2-inch processing, some unavoidable differences were present. A result of these differences can be 
seen by comparing A and C, Figure 6-12. These show monitor displays of the dark current from 
two types of 400 X 400 imagers at 24° C. In A, Figure 6-12, the low dark current devices are 
typified and integration of 1 second is used to show up any defects at all In C, Figure 6-12. the 
localized blemishes show up at 163 milliseconds. Cooling to - 40°C is shown in B and C, 
Figure 6-12. In C, Figure 6-12, it is clear that not all spikes have decreased with temperature in 
the same manner. Several areas are suspect and may account for the differences shown above. It 
appears that cleaning techniques in the 3-inch processing may damage the slice to a greater 
extent. Also, the silicon nitride and gate oxides are grown using slightly dissimilar techniques. 
These differences are being investigated in more detail. 

Recent results obtained by JPL using a 100 X 160 array after this manuscript was written 
indicated that the ‘heating' effect has a sharp ‘threshold' and is removed by reducing V ds . Thus, 
it seems there may be some form of localized breakdown at the source follower causing the 
increased number o f electrons near the output. Nevertheless, the spread of the apparent heating 
effect, which can be detected across a 100 X 160, ix., 0.1 4 inch from the amplifier seems more 
consistent with heating due to this breakdown rather than diffusion of generated carriers out 
from the region of the amplifier. This is an area of current investigation. 

The uniformity of dark current, once amplifier effects are eliminated, is excellent. 
Uniformity, pixel to pixel can approach 5 percent. A video output trace from a 100 X 160 
array which has been allowed to integrate at room temperature to fill the wells to about 50 
percent is shown in Figure 6-13. The uniformity for the 400 X 400 is essentially the same. Note 
the increase in dark current at the end and at the beginning of the line. This seems fairly typical 
and may represent enhanced generation due to the strains induced at the thin/ thick silicon 
transition, t.e„ the edge of the thinning window. 

Because of the very low dark current of the 400 X 400, information can be stored for 
extremely long storage times at -40° C. Figure 6-14 shows the video output from a 400 X 400 
in a similar experiment to that described earlier (Figure 6-10). The essential difference is that the 
400 X 400 has several localized defects which eventually bloom down the parallel channels as 
the dark charge builds up with longer storage time. In 78 minutes these spikes result in complete 
blemishing of several channels but in adjacent regions the well population is still only about 10 
percent. Time to full well in these areas is estimated to be about 3 hours. It is very difficult to 
make defect-free 400 X 400 's due to the physical size. Thus, imaging at very long times will 
result in several saturated lines (as shown in Figure 6-14). Improved technology will eliminate 
this effect. Imaging at long storage times is shown in Figure 6-1 5 for a 100 X 160. which, with 
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current technology, can be made defect-free with relative ease. Excellent imaging is seen up to 
96 minutes storage and it is estimated that several hours will be required to reach full well. The 
dark current at -40°C for this array is 2 pA/cm 2 . 

C. QUANTUM EFFICIENCY AND SPECTRAL RESPONSIVITY 

The response of a backside-illuminated CCD imager to incident 28S4°K optical radiation is 
at least a factor of 2 higher than front-side illuminated devices due to the fact that the complete 
backside surface absorbs incident light. The spectral responsivity to such broadband radiation is 
in the range 70 to 90 mA/watt. The responsivity peaks at about 8000 A, where the narrowband 
response is 380 mA/watt, which is equivalent to a 65 percent quantum efficiency. At longer 
wavelengths responsivity falls because the absorption coefficient is decreasing rapidly. By 1.1 pm, 
response is down to a quantum efficiency of 5 percent. At wavelengths shorter than the peak, 
the incident radiation is absorbed closer to the surface of the silicon membrane until at X = 
4000 A the absorption length is about 0.2 pm. The response at 4000 A is thus a strong function 
of surface condition and the p + backside accumulation profile. An excessively thick region 
results in low response because all photoelectrons are created in a layer with low minority carrier 
lifetime, therefore, electrons cannot diffuse to the depletion wells. No boron concentration 
gradient can allow the energy bands to be bent by absorbtion of a surface layer, possibly into 
inversion, which would also result in low response as photoelectrons would be repelled from the 
bulk silicon. The optimum is a boron gradient which can drift carriers into the bulk but with a 
sufficiently low surface concentration (or sufficiently thin high concentration at the surface) to 
avoid having a sink for the carriers. If this accumulation is carried out in an optimum fashion, it 
is possible to achieve an essentially flat quantum efficiency if about 65 percent from 7500 A to 
4000 A. JPL 6 (Appendix A) shows such a response out to 4000 A. Such a high quantum 
efficiency is difficult to achieve reproducibly, however, with technology as it exists. A quantum 
efficiency which is more reliably achieved is in the range of 10 to 30 percent. These results are 
shown in Figure 6-16. This data is uncorrected for reflectivity losses and the membrane is not 
intentionally given any antireflection coating. It appears possible that the light haze seen on 
some thinned membranes may be modifying the reflectivity from the bulk (or cleaved) silicon 
value. 

The spectra shown in Figure 6-16 are free of the structure due to interference effects in 
front-side illuminated CCD imagers. There are, however, interference effects at longer wave- 
lengths due to multiple passes of the radiation in the membrane itself. 

The spectral response of a CCD imager is not expected to depend on temperature between 
-40° and 24°C, since the change in the silicon energy band gap is quite small. dEg/dT s -2.4 
X10' 4 eV/°K so that AEg = 15 meV for Eg = 1.2 eV, i.e., about 0.1 percent. This independence is 
observed experimentally (Figure 6-1 7). In some cases it was observed that the relative response 
across an array at short wavelengths (4000 A) would show some variation with cooling to 
-40°C. This reflects some type of surface instability and was generally not observed on devices 
showing quantum efficiency in the 10 to 30 percent range. Nevertheless, devices should be stored 
in a dry ambient to avoid moisture effects. 

A second important characteristic of an area imager is the relation between response J - J D 
and incident 2,854° K optical radiation. 
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The temperature dependence of the curve showing CCD response versus incident light level 
is shown in Figure 6-18 for a 400 X 400 CCD. There is essentially no dependence of signal 
current as temperature for a given power input using a 2854° K source of radiation. 

As indicated by the data in this figure, the saturation power (determined by the onset of 
blooming) is 1.23 juW for the 163 millisecond frame time. From this number the saturation 
exposure is E^, = (P sat r f )/A where A is the device area and E^, = 2430 juJ /meter 2 . Note that 
the break in the gamma curve occurs about a factor of two above the blooming point. The 
saturation charge is given by q Mt = (1^, r f )/q N where N is the pixel number giving q 5at = 5.6 
X 10 s electrons. These numbers are representative of the arrays developed. Some arrays were 
operated at lower clocks; the result was lower values of saturation charge (JPL11). For a 
dynamic noise level of 100 electrons which seems a representative noise, the noise-equivalent 
exposure is 0.43 juJ/meter 2 . 

D. UNIFORMITY OF RESPONSE 

Several factors affect CCD uniformity. Early devices were affected by the line pairing effect 
discussed above. This has been eliminated. The next most important mechanism appears to result 
from membrane nonuniformities, particularly at the edge of the thinning window where the 
thin-to-thick silicon transistor occurs. The solution to the latter problem is to allow the thinning 
window to extend well outside the active array area. An alternate approach is to use other etch 
techniques to provide a sharp thick/thin transition. This is actively being pursued in the follow 
on to the JPL program. The uniformity of response is also affected by the uniformity of the 
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proprietary backside thinning process used by Texas Instruments, Nonumformitis in response 
are often concentric, following approximately the contours of the thinning window on the 
S 00 X 160, Possibly the haste which is often left after thinning is related in some way to the 
backside accumulation enhancement resulting in patterns such as shown in Figure 6-18, It is. 
howevt , rather difficult to predict the uniformity of a. given device anti there is also some 
variability from device to device. The uniformity as defined in Section V varies around 10 to 15 
percent, including blemished pixels. The best 160 X 100's have a uniformity of better than 
5 percent using the standard thinning techniques. St appears that the 400 X 400's have 
-i 5 percent response uniformity. 

The above comments have addressed the problem of variations in responsivity across an 
array. Light, localized blemishes also affect the uniformity of array response. At the present 
time, the best 160 X 100 arrays have no localized defects. However, the 400 X 400's have tO 
times the area of si ,; eon and present technology is not eliminating all defects. The exact nature 
of the defects has not been definitely identified (Section ill) but eventually will, we believe, be 
related to the residual impurity concentration and/or defect concentration in the silicon, To 
achieve a defect-free device in the sense of the present 100 X 160 arrays shown in Figure 6-10 
will require further development work. 

In some instances a localized, light blemish will appear only when the device is illuminated, 
1 s could result from a small region which is more el ientl) cumulated or perhaps from a 

n which had thinned locally to a grea „*xtent ,, It 1 cts are, however, not general!) 
••• -<• J. Of course, the unit rmit ■ esponse ; measured by the number of pixels wi t 
response sufficiently far from the mean level can, of course, be in Hue need by the amount «\ 
streaking as indicated in Subsection VI, A (Figure 6-3). 

fn Figure 6-1 d the uniformity of a 100 X 160 array is shown for broadband 3400' K 
illumination at 24T and 40 C. Well population corresponds to about 50 percent of a full well. 

The uniformity of dark current was affected by amplifier heating effects in early area 
arrays. This is avoided in later devices {JPL 10) by higher follower load resistors. The magnitude 
of the numbers given in the Appendixes for uniformity are rather suspect because of the 
difficulty oS accurately defining the video voltage on the MCA corresponding to 4 percent of full 
well and also to an empty well, Refinements in electronics arc required to improve the accuracy 
of these measurements. Visual inspection of video output on the oscilloscope show pixd-to-pixel 
variations of about ±5 percent at 50 percent full well. However, in the most recent arrays, the 
magnitude of the dark current is so low at -40”C that in the specified exposure time, the dark 
charge is well below the 4 percent level. 

E. SQL) ART WAVE AMPLITUDE RESPONSE 

As hub ated m Section II. resolution capability of the imagers at the Nyquist frequency is 
21,9 line power per nun. SWAR taken at 24' C and 4(f C are compared m Figure 6-20 and 
there is essentially no change over this temperature range. Data taken on a 400 X 400 at 24 C 
is shown in Figure 0-2 1 , Results for the bars parallel to the serial register is sensitive So parallel 
CTE (circles in Figure 6-21) while bars perpendicular are sensitive to serial register ( I I There 
appears to be a small decrease in SWAR at \vqtnst for the pixel farthest from the output. Ibis 
data was taken at 3W5 (' and the SWAR differences are probably within experimental error. 
More reliable data taken on JPL II indicates SWAP about 1 * percent lovuu loi bars parallel to 
the serial register at the Nyquist frequency, 
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Figure 6-21, SWAR of a 400 X 400 Array for Pixel Near the Output 
and Far From the Output 



Several factors degrade SWAR at Nyquist from the value expected from the array. These 
were discussed in Subsection V.J. The main contributions are from: lens MTF, array CTE and 
from diffusion of photogenerated carriers from the backside .of the array. The direct transfer 
MTF is given by exp < Ne) at the Nyquist frequency relative to unity at zero spatial frequency. 
Here N is the number of charge transfers made by a packet and * is the losss per transfer. At a 
point furthest from the output of the 400 X 400, N = 2400 so that for 2=1. X 10 4 (CTF. = 
0.9999), the response is down by exp ( -0.24) = 0.79. If £ = 2.10" 5 fCTE * 0.99995), the 
response is only down to 0.97 at Nyquist. The effects of CTE loss will appear in degradation of 
SWAR across the array. In a buried-ehannel array no such dependence is observed for either bars 
horizontal or vertical with respect to the array. In these measurements the effective number of 
transfers is 1200 so that the experimental accuracy (of ±5 percent) of the SWAR indicates a CTE 
of about 0.99992 -0.99995 in agreement with experimental measurements injecting a pulse into 
the serial register. 

Surface channel devices have lower CTE than buried channel arrays. Figure 6-22 shows the 
video output obtained from two 400 X 400 array from the first processed lot of devices. The 
devices were processed as surface channel to allow initial evaluation of the 400 X 400 design 
itself. The imagery is excellent but the resolution is not as good as shown earlier in Figure 6-1, 
due to the lower CTF of 0.999. it is interesting to note that the defect density is quite low for 
th >e two devices- con , table with the best buried-ehannel devices. 

Additional SWAR degradation results from the diffusion contribution. Fit is effect depends 
on th meml • ... hi is can 

be seen from the Crowell Labuda formula in the limit of long minority carrier lifetime and low 
surface recombination velocity, 19 

viz (cosh (2tr / 1^)1 ” ! 

Here / is the bar chart frequency and the neutral silicon thickness from the backside to the 
collecting depletion region. Thus, the expected response depends on membrane thickness, and 
since L„ *= 5 pm. variations of 10 percent in thickness at the Nyquist frequency result in about a 
5 percent variation in response. It is possible that the CTE loss and diffusion effects offset so 
that the SWAR appears invariant across an array which gets thinner far from the output, but this 
is not really consistent with the many observations made. 

The data shown in the Appendixes is uncorrected for lens MTF effects. Such corrections are 
difficult to make accurately, as indicated in Section V. Correction by the factor of 0,65 given in 
Section II would increase the SWAR at Nyquist for the 400 X 400 arrays from '40 to '60 
percent and of the best 160 X 100 arrays from 52 to 80 percent. Units SWAR o not expected 
at the Nyquist frequence due to the discrete sampling format of the CCD. This leads to an MTF 
decreasing as 

jrf / 

Sin r / 3rt't m 
1 m ' 

which = 0.64. Here / m = 2 times the Nyquist frequency. This corresponds to a SWAR 
depredation of = 0.82. Th us, the measurements for the smaller arrays are in satisfactory 
agreement without invoking any additional degradation. However, the above argument applied to 
the 400 X 400 will give an expected SWAR trt.82) which is higher than the corrected 
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experimental value (0.60). It is expected that the diffusion contribution will be the same for the 
two arrays and the lack of dependence of the data on position in the array suggest very little 
CTE degradation. The discrepancy is not resolved fully at this time and detailed corrections for 
the system must be obtained in future studies if the individual components are to be reliably 
isolated. 

F. DYNAMIC NOISE 

The measurements made to determine the dynamic noise on a CCD output is described in 
Section V. The data were taken by sampling a single pixel from the center of the array which 
was read out at 1 MHz. By sampling a single pixel, the noise associated with variations in dark 
current across the array, i.e., the spatial noise, is eliminated. The MCA samples the output of the 
video chain, one each frame. For the 100 X 160, this sample time is 16 milliseconds and for the 
400 X 400 is 160 milliseconds. Typically, several hundred samples were taken to determine the 
mean video output and width of the distribution. A resistor network was used to provide a 
“zero” noise figure and was placed on a ceramic header in the same position of the CCD 
immediately after the measurement. For the 100 X 160, 3 dc bias was applied to the gate of 
the sampling MOSFET and a precharge output waveform used. Noise levels for the 100 X 160 
were consistently in the 100 to 150 electron range. An example of the amplifier calibration 
linearity relating an injected current to an output video voltage, which is necessary to calculate 
the noise electrons from the observed width of the video voltage, is shown in Figure 6-23. Also 
shown is the MCA output to indicate the near Gaussian shape of the noise signal. The initial 
400 X 400 (JPl 9) indicated a measured noise of 1.300 electrons which almost certainly was 
due to electronic noise in the measuring circuit. (JPL measured TO electrons on this device after 
delivery.) The noise from the JPL 1 1 was 300 electrons as shown in the appendixes. Generally, 
noise was higher in the 400 X 400’s than from the 100' X 160*8. There seems to fee no intrinsic 
reason why this should be the case. In order to determine that the video output from the CSH 
amplifier was giving a true indication of CCD noise, optical input was made to the device. For n 
electrons per pixel, a noise of n‘ ; should be observed at sufficiently high light levels that the 
intrinsic noise was much less than n'-. It was consistently observed that the measured noise 
would be very close to the shot noise values at full well defined by btooming and that, for 
further increase in optical input, would drop very rapidly. This point could be taken as a 
measure of full well and always occurred at about 0.5 of the light level at which the gamma 
curve breaks from unity slope. 

The question arises as to the source of the noise level measured in the CCD arrays. There 
are several noise sources which contribute. The most important in the present experiments is 
probably output amplifier noise. The technique of correlated double sampling 20 provides an 
off-chip detection scheme which is linear, stable, and requires only a few MOSFHTs. The final 
output is in sample-and-hold format, which allows high-gain amplification. However, care is 
required in timing the damp-and-sarnple pulses and in the appropriate filtering. 

The circuit used to implement this technique has already been given (Figure 5-1 ), The noise 
due to preset, resulting from thermal noise in the reset switch channel t S , 1. is 

n= IkTC) ~2Q0 electrons (6-1 t 

<1 
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for an output node capacitance of 0.25 pF. A further discussion, following the text of a recent 
review article 2 1 describing detailed noise studies at Texas Instruments on 150 X 1 linear, 
buried-channel CCDs is presented below. 



The CDS technique provides an approach for removal of this preset noise. 20 As discussed 
by White, et al., when the preset switch is opened, node A has a time constant given by R off C 0 
where is the resistance to ac ground of node 1 when transistor SI is off and is typically 
>10 10 ohms. The preset noise, n,, will therefore be correlated between any two samples which 
are taken after the preset at t t . The output is taken to be the difference in voltage of the 
samples at times t 2 and t 4 (shown in Figure 5-2) subject to the constraints tj < t 2 < t 3 < t 4 < 
t 5 . In this case, the preset noise will approximately cancel and only the change in voltage due to 
the transfer of the signal charge will be observed. If the time between the two samples (t 4 - t 2 ) 
is too long compared to the time constant R off C Q , the correlation of the noise is decreased and 
the noise level, n A , will be measured 


n A =n i 


(t. -t,) 1* 
Roff c o) 


( 6 - 2 ) 


where ni which is given by Equation (6-1) is the preset noise without CDS. The effective value 
of 1^,^ which was observed was on the order of 10 8 ohms, which required the interval t 4 - 1 2 
to be less than 5 ms for suppression of the preset noise. The reason for this low value of R off is 
thought to be due to surface leakage. Therefore, if very low-frequency operation is desired, care 
should be taken to reduce this leakage. 

If the interval t 4 - 1 2 is much greater than R off C Q , the preset noise will actually be 
increased by the use of CDS. This increase occurs because the noise voltage sampled at the times 
t 2 and t 4 are then totally uncorrelated and when the difference in voltage is taken between these 
two samp les, the noise, n,, from each sample adds in quadrature and yields a resultant noise 
level of y/2 n, which can be seen from Equation (6-2). 

The circuit which was used to take the difference in the two samples is shown in 
Figure 5-1. The signal was capacitively coupled by capacitor C c and then clamped to a dc voltage 
at time t 2 . The voltage difference was sampled and held on capacitor C SH by briefly closing 
MOSFET switch T s at time t 4 . The buffer amplifiers A2 and A3 were both MOSFET source 
follower circuits. 


1 . Noise of Gamp-and-Sample Circuits 

In this and the following sections expressions will be obtained and evaluated for the various 
noise sources which contribute to the total output noise and they will be evaluated and 
compared with the measured results on 150 X 1 linear CCD registers. 

The clamping of capacitor C c and the sampling by S3 which sets C S( | are subject to the 
same considerations applied to the preset of node 1 (Equation (6-1)1 with respect to the 
uncertainty of voltage on capacitors C c and C SH except there is no suppression by the double 
sampling. Therefore, the equivalent number of rms noise electrons referred to the CCD channel, 
n D , resulting from the clamping operation at time t 2 is given by. 
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in which G, is the gain of MOSFET amplifier Al. A similar expression can be obtained for noise 
due to the sample and hold, 
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in which G 2 is the gain of amplifier A2. 


Choosing suitably large values of C c and Csh will result in a negligible contribution of noise 
from the clamp-and-sample operations. For the circuit which was actually implemented the 
calculated noise levels from these sources are n D = 7 e" and n E = 9 e“. 


The noise contributed by the buffer source follower amplifiers A2 and A3 can also be made 
acceptably small by proper choice of components. In the realization used in these measurements 
standard n-channel MOSFETs were used which had a low white noise (thermal noise) component 
but unfortunately had a rather high 1/f noise which was characterized by a comer frequency 
near 1 00 kHz. An increase in the output noise at low frequencies was observed due to this excess 
noise but it was not sufficiently large to significantly degrade the subsequent measurements of 
other noise sources. 


2. 1/f Noise of Source Follower, Al 

The rms noise contributed by the amplifiers A2 and A3 is unaffected by the CDS 
operation; however, the noise generated by on chip amplifier Al is substantially modified 
because the noise is generated before the CDS circuit. One effect on the noise of Al which was 
pointed out by White, etal. is that noise at frequencies that are much less than (t 4 - t 2 ) _1 is 
substantially suppressed. This characteristic of CDS is especially effective in suppressing the 1/f 
noise of Al as long as the 1/f comer frequency of Al is sufficiently low. If, on the other hand, 
the 1/f noise comer is significantly greater than (t 4 - t 2 )"', excess noise will be measured at the 
output. Since 1/f noise in MOSFETs is believed to be due to trapping in surface states, 
substantial reduction in 1/f noise can be obtained if these transistors are operated in a 
buried-channel mode (i.e., the signal is away from the Si-Si0 2 interface). Figure 6-24 shows noise 
measurements on a MOSFET for various values of drain current. At low I D the follower is acting 
as a buried-channel device while at higher currents the charge interacts with the surface and the 
noise increases. Note the increasing noise at lower frequencies. This data also shows that use of 
higher load resistances (SOkilohm) to limit power dissipation on chip do not increase noise. To 
fabricate a buried channel transistor it is only necessary to implant the MOSFET with the same 
dose which was used to make the buried channel CCDs and to then operate at sufficiently low 
current levels to keep the conducting channel buried. 

For reasons which will be discussed below, the time interval (t 4 -t 2 )~' should be set to 
2f c . so that for clock rates greater than 25 kHz substantial suppression of the 1/f noise will 
occur for a buried channel MOSFET, while a large amount of excess noise will be introduced at 
the lower clock rates if a surface channel MOSFET were used. 
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3. Thermal Noise of Source Follower, A1 


Besides suppressing the 1/f noise of transistor Al, the CDS circuit also affects the white 
(thermal) noise component generated by this device. Unfortunately, the effect of CDS is to 
increase the contribution from this source instead of suppressing it. In fact, it will be shown that 
this noise component is the dominant source of noise in the entire output amplifier. The 
optimization of timing and band limiting, which was referred to in the introduction and which 
will now be discussed, is an attempt to decrease the contribution of noise f.om this one source. 

The purpose of the single pole low pass filter with time constant R,C, which follows Al in 
Figure 5-1 is to band limit the thermal noise of transistor Al and thus to reduce its contribution 
to the rms noise. The effect of this bandlimiting is to introduce correlation of this noise between 
the two samples at t 2 and t 4 . Taking this correlation into account, the resultant rms noise after 
band limiting and double sampling is given by 


n B = 



in which \J V T ; is given by 16 


= G, 




(6-5) 


( 6 - 6 ) 


where G t = g m R L /(l + g m R L ), Rl * s t * le load resistor of the source follower and g m is the 
transconductance of the MOSFET Al. From Equation (6-5) it can be seen that either decreeasing 
the bandwidth of the RjCi filter (increasing the band limiting of the wide band noise V^) or 
decreasing the ratio (t 4 -t 2 /R,C,), (increasing the correlation between the two samples), will 
result in a decreased noise level. Therefore, it would appear desirable to increase RiC, while 
decreasing the time between the clamp and sample pulses. However, as the time constant R,C] 
of the filter is increased the voltage swing which represents the signal is attenuated by the factor, 

[1 .. e -«4-‘3>/R 1 C 1 ] 

To maximize this factoi the largest possible amount of time should be given for the signal 
transient to occur. Therefore, the sample at t 4 should occur just before the following preset 
occurs at 1 5 . 

Another consideration which also limits the maximum size of R,Cj is that a fraction 

e _(, » - ‘i)/rc 

of the preset noise, n A , will remain after the clamp has occurred because of the correlation 
effects introduced by the bandlimiting. This fraction can be decreased by minimizing the width 
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of the preset pulse (t t * t 0 ) and by clamping (i.e., the sample at t 2 ) just before the signal is 
transferred at t 3 . Therefore, the tradeoff involved in choosing the bandwidth of the low pass 
filter, R|C ( , is that the wideband noise of A2 should be bandlimited to as low a frequency as 
possible which implies a long time constant: however, this long time constant attenuates the 
signal swing as well as decreases the preset noise suppression. 


A suitable compromise of the above considerations is to allow thiee to four time constants 
(R t Ci) between the preset and clamp pulses as well as between signal transfer and the sample 
pulse. The optimum timing subject to this constraint is given by 


ti — t 0 ^ T c 

(6-7) 

t c 

d * t 3 - t G * -- 

(6-8) 

t 4 - t 0 * T c 

(6-9) 


and to obtain four time constants for the above mentioned intervals the low pass filter should 
have a bandwidth, f 3 dB = '/iffR, C, , given by 


‘3 dB 


4 

- f 
3 c 


( 6 - 10 ) 


From Equation (6-9) it is found that with this band limiting and timing sequence that the 
effect of CDS on the noise voltage, , (Equation (6-6)1 generated a T 2 is to increase the 
rms level by a factor of ■y/T over the noise level which would be obtained without CDS. This 
increase in noise is due to the lack of correlation which exists between the clamp and sample 
pulse because the bandlimiting (which has been optimized taking this effect into account) is too 
wide to provide correlation between the two samples. The effect is similar to that discussed in 
Section VI in which the preset noise could also be increased by a factor of \fl. 


Evaluating Equation (6-5) for the rms noise due to the thermal noise of T 2 at a clock rate 
of 500 kHz, including processing by the CDS circuit (with timing and bandlimiting given in 
Equations (6-6) through (6-9) yields an rms noise level of n B = 21 e', which as pointed out 
previously is the largest noise source in the output amplifier. 

Evaluating Equations (6-3), (6-4), and (6-5), and summing the results (in quadrature) results 
in a total '■xpected output amplifier noise level of 25 e _ . 

4. Dark-Current Noise 

Other sources of noise come from the storage and transfer of signal charge in the CCD. The 
two most important sources for a buried-channel device are dark current and bulk state trapping 
noise. 

Since a CCD (buried or surface channel) is operated in deep depletion, there exists a 
thermal generation of carriers which is attempting to reestablish an equilibrium condition. 15 
Electrons generated in this way are collected in the buried channel along with the signal charge. 
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The variation in the amount of electrons generated and subsequently collected is characterized 
by shot noise, i.e., the number of mis noise electrons is the square root of the mean value of the 
collected electrons. For a dark current level of J D (A/cm 2 ) the number of rms noise electrons, 
nj D is given by 



where A s is the area of single stage (four gates for a four-phase device) and M is the number of 
stages. 

In general, the dark current was found to be characterized by shot noise; however, for 
devices in which localized avalanching was occurring (spikes) the noise was sometimes in excess of 
shot noise. Care was taken to avoid measuring noise on pixels located at or close to dark-current 
spikes in the imagers. 

Bulk State trapping noise has been found in measurements of 150 X 1 registers at Texas 
Instruments to account for all the remaining noise after the noise due to dark current and the 
output amplifier have been subtracted in quadrature from experimental measurements. Bulk 
trapping noise depends on the size of the transferring charge packet and can be investigated in 
detail by using a very low noise input to the CCD. For several devices tested the rms noise 
electron level was 20 to 30 electrons measured at 500 kHz. In these devices the density of bulk 
traps was about 2 X 10 12 cm -3 . 

The conclusions are that the measured noise level of about 100 electrons in the CCD imager 
comes from either the CDS circuitry or the on-chip source follower. While it is possible that bulk 
states of 10 13 cm -3 would give these levels, this is not a strong possibility because of similar 
processing on the 150 X 1 and area devices. Further work is required to isolate the noise 
contributions in the imagers as has been successfully demonstrated for the smaller devices. 
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SECTION VII 
CONCLUSIONS 


This program has developed large-area CCD imagers with 400 X 400 pixels. Impressive 
progress has been made since early 1974 when this program began. At that time only 64 X 64 
arrays using single-level metalization had been made by Texas Instruments. These devices were 
surface channel, hence, low CTE and were rather unstable because of gaps in the electrode 
structure. As a result of this contract, 100 X 160 and 400 X 400 arrays with reduced 0.9 X 0.9 
pixel dimensions were fabricated with CTE >0.9999, excellent resolution, extremely low dark 
current of 1 nA/cm J at 24°C and good uniformity of response. In fact, the 400 X 400 imagery 
is, in the author’s opinion, at least of equal quality to that produced by any other CCD 
presently fabricated. As clearly indicated by a recent presentation of the 400 X 400 capabilities, 
the dark current of the Texas Instruments arrays seem generally to be well below twat which can 
be achieved elsewhere. 

Several aspects of large CCD arrays require further intensive development. Perhaps the most 
important in the loss encountered in device processing. Improved techniques need to be 
developed. Further work is required to increase uniformity of response to optical radiation-this 
is of considerable importance for system application. This area is the subject of continuing 
development in a follow-on program to that repotted here. The achievement of high responsivity 
at 4000A is a very intriguing result and suggests that further work to understand and control the 
surface-band bending may result in shorter wavelength response. 

The quality of the 400 X 400 arrays suggests an extension to an even larger format 
- 800 X 800. Many options must be considered here and some are discussed in Appendix H. It 
seems at present that a pixel must be used to maintain a reasonable size silicon chip for each 
array. This reduction will result in lower dynamic range for the CCD and may impose extreme 
tolerances of processing the array. These potential problems, however, should be attacked and 
the requirements for the large array defined clearly. 
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CCD OPTICAL AND ELECTRICAL CHARACTERIZATION 
TEST REPORT 


1. CCD DEVICE NUMBER JPL IS Date 12-1-75 

2. DEVICE TYPE 100 X 160 111 buried channel 

Header type 40 pin DIP 

2 

Active area 0-0836 cm , pixel dimensions 0.9 mils X 0.9 mils 

3. OPERATING LEVELS in volts 

V ^ (precharge reference) 21 V 

V , . (drain voltage) 27 V 

V (load bias) - 

gg 


4. AMPLIFitR CONFIGURATION used for the tests in this report Surface <-hamu»l 

Source follower Precharge 

5- SPECTRAL RESPONSE 

Quantum efficiency is 5.0% at 0.40 microns 

70% at 0.75 microns 

50% at 1.Q microns. 

Frame readout mode, non shuttered, data rate 1 MHz, 

frame time 32 ms, temperature 25 ° C, average well 
population 80 % . 

Note that quantum efficiencies are uncorrected for reflection. 

6. WIDEBAND RESPONSE 

a) Responsivity is 76 nanoamps/ (microwatt) Y 

b) y is 1.0 from saturation down to saturation divided by 520 

c) Sensitivity is 2.47X10 4 electrons/pixel at an exposure of 

100 oJ/n, 1 : 

d) Numerical integration of spectral response data at 80 % well 

population yields a sensitivity of 76 nanoamps/microwatt com- 
pared to the directly measured sensitivity of 76 nanoamps/ 

microwatt at the same well population. 

Frame readout mode, non shuttered, data rate I MHz, 

frame time 32 ms, temperature 25 °C, 2854 ° K source. 

7. SATURATION EXPOSURE 

2 

a) Saturation exposure is 3140 pj/m , for 2854 °K source. 

b) A full well contains 7.75 X 10 s electrons. 

c) Blooming first occurs DOWN the channels. 

Saturation exposure measured as illumination level at which maximum 
amplitude difference is achieved between light and dark bars of Nyquist 
frequency bar chart. Bars oriented perpendicular to the preferential 
direction of blooming. 


SUBS ( subs l _ ate) 

P CLK (parallel clocks 

S CLK (serial clocks) 

SID (serial input diode) 

S0G (serial outout gate) 

V (precharge pulse amplitude) 
pc 


-2 V 

JLY_ 

( 0 v 
2 $ 

2.5 

18— 
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DEVICE NUMBER JPL IS 


7. (continued) 

Frame readout mode, non shuttered, data rate 1 MHz , 

frame time 64 ms, temperature 25 ”0. 

8. NOISE 

a) Number of RMS noise electrons is 90 

b) Noise equivalent exposure is 0.36 uJ/m^ for a 2854 ° K source. 

Frame readout mode, data rate l MHz, frame time 16 ms, 
temperature 25 °C . off-chip amplifier bandwidth 2 MHz 

9. DYNAMIC RANGE 

Dynamic range is 8600 . defined as saturation exposure divided by 

noise equivalent exposure. 

10. DARK CURRENT 

Dark current measured by integration technique is 33 10* electrons/pixel/ 
sec ( 1.02 nanoamps/cm2) at T = 25 °C , compared to 1.06 nano- 

amps /cm2 using precharge current measurements. 

Dark current measured by integration technique is 6.7 x 1Q ^electrons/pi~el/ 
sec ( 0.0021 nanoamps/cm^) at T = -40 °C . 

Frame readout mode, data rate 1.0 MHz at T = 25 °C , 

0.010 MHz at T = -40 °C . Frame time variable for integration 

technique, 32 ms for precharge measurement. 

11. DARK OUTPUT NONUNIFORMITY 

Dark output nonuniformity (standard deviation divided by the mean) is 
0.19 at T = 25 °C. 

Frame readout mode, data rate 1 MHz, frame time 10 4 ms 

12. RESPONSE NONUNIFORMITY 

Wideband response nonuniformity (standard deviation divided by the mean) 
is 7,6 % for a 2854 0 K source. 

Spectral response nonuniformity is 10.6% for a 0.466 micron source, 
and 1Q2 for a 1.0 micron source. 

Frame readout mode, shuttered, data rate 0,010 MHz, exposure 
time 0,25 sec, temperature 25 °C . 

13. BLEMISH COUNT 

Number of illuminated blemishes (pixels with a response less than 25 % 

or more than 75 % of full well with an average illumination level 

of 50% full well) is ' 291 
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13 . (continued) 

Number of dark blemishes (pixels with an unilluminated output of more 
than 4 % of full well) is 540 

Frame readout mode, shuttered, data rate 0.01 MHz , 
exposure time 0.25 sec, source 2854 0 K , temperature 
—40 °C. 

14. RESOLUTION 

Uncorrected square wave amplitude response at the Nyquist frequency 
a) for bars perpendicular to the serial register 


49 

% 

at 

1 ine _ 

5 

, bit 

10 

45 

% 

at 

1 ine _ 

50 

, bit 

80 

44 

% 

at 

1 ine 

95 

, bit 

150 . 

bars 

paral 

lei to 

the 

seria 

il register 

43 

% 

at 

1 ine 

5 

, bi t 

10 

41 

% 

at 

1 ine _ 

50 

, bi t 

80 

39 

% 

at 

1 ine 

95 

, bi t 

150 . 


Frame readout mode, non shuttered, data rate I MHz, frame time 
32 ms, temperature 25 °C , 3400 °K source, lens Wollensak 

aperture F/8 , highlight illumination level 40 % full well. 

15- CHARGE TRANSFER EFFICIENCY 

Serial register charge transfer efficiency is 0.9999 for 50 % 

signal pulse, 0 % fat zero, data rate 1_ MHz, 

temperature 250 °C . 

16. RESIDUAL IMAGE 

Residual image is less than 1 % . 

Exposure every other frame, highlight exposure greater than 75% 

full well, data rate l_Mllz, frame time 16 ms, 

temperature 25 °C . 

17. MEMBRANE FLATNESS over the active area is 

± 12 microns measured at 25 °C . 
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Device Number 
Light 5ource 
Temperature 
Frame time 


sispCCD IMAGING PERFORMANCE 
(Dark Blemish Isolation) 


.JEL-.L5.. 


none 


-40 

250 


Device Type 100 x 160 buried channel 
K Spectral filter none microns 
C Data rate 1J) MHz 


ms 



Vi 



Number o* pixels 



J CCD DARK CURRENT UN IFORMJTY 

Device Number JPL 1$ Device Type 100 x ]60 Buried ‘Channel 



VIDEO MONITOR DISPLAY 


Ave.'aee 
i nhi bi ted 
s i qrtd I 


Average 
dar k 
s i qna I 


Temperature 25 °C 

Data rate 1 MHz 

™TT~ 

Frame time ^0 ms 


MULTICHANNEL ANALYZER 
DIE* ■ AY 







Number of pixels 






MS 


Light source 28^4 

Spectral filter 

- microns 

Average well population 


Temperature *40 
Data rate 0.10 MHz 
Frame time 16 x 10^ ms 
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line r umber 5 q 



Oscilloscope presentation 
Complete video fra^e 


V ! •' 


, OF HiK 

is pc m. 






MULTICHANNEL ANALYZER 
DISPLAY 


ut level 






l 



!.# 

1 

• . 

:i. *^'“*** 

St 1 

I 








• 

- 



Osci 1 

oscope presentation 


Video 

line number 50 






Number of pixels 



VIDEO MONITOR DISPLAY 
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Oscilloscope presentation 
Video line number ^ 



Oscilloscope presentation 
Complete video frame 
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TEST AND DEMONS! ATION RETORT 
JET PROPULSION LABORATORY 
CONTRACT NO, 953788 


1. CCD DEVICE NUMBER JP1 3 Date 

2. DEVICE TYPE 16! X 100 conservative design, surface channel 

3. OPERATING LEVELS (volts) unless otherwise noted 


PCLK 

r 

FID 

20 

S CLK 

17 

PIG 

11 

SUBS 

3 

PITG 

11 

SID 

20 

POTG 

11 

SIG 

17 


13 

SOG 

4 

Vpgj: 

17 



V PC 

15 


4. All tests performed at a frame time of 5 sec*, a data rate of 0,010 MHz, and a temper - 
ture of ■■■40 J C unless otherwise noted 

* 

L79_ sec for tests involving precharge current measurements 

5. DARK CURRENT DENSITY 

a) Parallel register alone 0.Q4K nanoamps/cm : 

b) Total including amplifier, header and connector leakage 1.6 nanoamps/cm 1 , 

6. PEAK QUANTUM EFFICIENCY = 38 % at X = 0-73 microns 

7. MINIMUM QUANTUM EFFICIENCY for the range 0.4 to 1.1 micron is 0.8 % at 

X = 0.4 microns 

8. WIDEBAND RESPONSE for an approximate 2854' K source is 42 milliamps/watt at 17 % 

of full well. From numerical integration of spectral response, data taken at the same average well population, 
the response is 42 milliamps/watt. 

9. GAMMA = 1 ±0,2 from the saturation level down to 0,1 8 % of saturation which is a ratio of 563 :1, 

The average gamma '* 0,90 . 

10. NOMINAL SATURATION EXPOSURE is 0,28 microwatts for a .1,79 sec frame time which 
corresponds to 6,3 X IQ* electrons. 

■11. SIGNAL DARK CURRENT RATIO is 2.8 for a uniform 100 pJ/m* exposure and a frame time of 
$ seconds. 

12. SIGNAL TO NOISE RATIO = $,<> X IQ 3 where the number of noise electrons is 1:070 at -50 % of 

nominal saturation exposure. 

13. RESPONSE NONUNIFORMITY for an approximate 2854 K source at -30 % of nominal saturation 

exposure = * IS %. 
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14. Number of illuminated blemishes « 2300 at ~50 % of nominal saturation exposure. 

15. line residual image < 2 % (V g “ JO >• 

18. Uncorrected square wave amplitude response at the Myquist frequency for an approximate 2854 K 

source at line $ ($5) . bit IQ (150) = 35*£j3QgfJ for vertical bars. = 3$% (36%.) , for 

for horizontal bars Iparaflel to the serial register;. |V SID - 10 ) 


1? Geometrical paramet 

a) Active area Q:. 1 24 cm 1 " 

b> Pixel dimensions 1.2 X IJ) mils 

c) Planarity of thinned surface t __ J35 microns 




JPl 3 
DIRECT TRANSFER 
-kO° 


JPL 3 

TRANSFER AFTER 1*5 MIN STORE 
-kO° 


0.0078 nanpamps/cm' tor 0 . 0)0 


Dark current density is 
rate, i ,8 X 1 0 s millisecond frame time, and a temperature 'f 
measured by integration technique <2£) precharoe current C3 . 


MHz data 
o. 

C 


6- Peak uncorrected quantum efficiency is 


31 - at a wavelenr. th of 


0.7 


microns for 


0.0 It) 


MHz data rate, 1 .07 X 10* millisecond 
-40 C, measured by current cali- 


f rame time, and temperature of 
brated on chip amplifier O precharoe current (J) 

?, Minimum uncorrected quantum efficiency over the ranee 0.4 to 1.1 microns 


i s 


0.5 


at a wavelength of 


0,40 microns measure^ er the 


same conditions as Test 6, 
8. Wideband responsivi ly for a 


2854 


K source is ______ 

I ,o 25 and the wideband se n s i t i v * 


nanoamps/ { mi c r owa tt r for a A of 

i ty Is 41 nanPamps/microwatt at a well population of 

0.010 


Test performed at 
time, temperature of 


40 


MHz data rate, i. n? X i () 3 millisecond fram-> 

°C and by preoharee current measurements i 
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8 . (cont. ) From numerical integration of spectral response data taken at 
the same well population, the wideband sens! ti vi ty j s 3 ? 
nanoamps /microwatt. 


9. A full well contains 1 - 4 X 1 0 e electrons, defined by the point at 
which $ = 0-8 fox 3 D-blO MHz data rate, 1.6? X H) 3 ffl i Hi- 

second frame time and temperature of 40 °C . % i s 

1 - 0 - 2 ' over a ran tie ISO : I . 


10. The signal to dark current ratio is P .6 

2 Q 

microjoules/m ‘ exposure of 2854 K 


for a 


microjoules/m exposure of 2854 K radiation and an exposure 
time of 5 X 1 0^ milliseconds. This exposure corresponds to an inci- 
dent power of I ,(■>? X i Q ~ 4 microwatts or the creation of 1.22 X IQ 4 
electrons per depletion well. 


The number of RMS noise electrons is 


MHz data rate, 1 84 millisecond frame time and temperature of 

o 

40 C. The dynamic range is 3500 : 1, defined as the 

number of electrons in a full well divided by the number of RMS noise, 
e l«c trons . 

12. The response nonuniformity (standard deviation divided by the RMS average) 


measured at a 0.100 


of full well for 


of full we I 1 and 
o 

K source, 0 ; 


0.14 at 


MHz data rate. 


6,6 X 10 s 


millisecond frame time and temperature of 


Number of illuminated blemishes is 1 1 26 at. 5 % of full 

well and 1406 at 5n ( of full well, whore blemish pixels 

arc defined as pixels having a response lying outside the mean response 
by 1.' 25 v (sane operating conditions as I ) . 


Vk. Dark current nonuni , ormi ty (standard deviation divided by the RMS average) 
is 0.96 for a 0.0 it) MHz data rate, ) x X 10 s millisecond 
frame time and a tempera tore of ..40 '£. 

19» Number of dark current blemishes is 1814 , where blemish pixels 

are defined as pixels having a response lying above a factor of 

2,0 times the mean dark current (same operating conditions a.s lb). 


16. Charge transfer efficiency of 


fat zero, 0.100 


MHz data rat- 


al resistor is U m.wa 
, and a temperature of 
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17. Uncorrected square wave amplitude response at the Nyquist frequency for 

'0 : : : : : : : 3 

a 2854 K source, 1,0 MHz data rate, 32 millisecond 

frame time, temperature of 40_ C and fat zero of 0 f : 


SWAR {%) 

Li ne 

Bi t 

29 

15 

25 

29 

SO 

80 

21 

85 

145 

41 

15 

25 

41 

50 

80 

39 

85 

145 


Bars perpendicular to 
the serial register 

{Nyquist frequency 21,9 


Bars paral lei to 
the serial register 

(Nyquist frequency 21. 


Ip/mm) 


I p/mm ) 


Square wave amplitude response of an aperture having the dimensions of a 

pixel is 65 f. at a spatial frequency of 2 1 Ip/ntm and 

7 at Ip/mm, calculated from the measured MTF of the lens 

and assuming a square aperture response function. 

18. Detailed graphical data is attac -d to this report. 


Definition of symbols used in section L 


SUBS substrate 

P CLK parallel clocks 

S CLK serial clocks 

SID serial input diode 

SOG serial output gate 

V p r e c ba r t e pul so amp 1 1 t wefc 
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^ref precharge reference 

^dd drain vol tags 

V load bias 

h'j 

V clamp drain voltaoe 
res 

(u) uppper 

(L) lower 
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DARK CURRENT UNIFORMITY 
(see sections 14 and 15) 
JPL 6 160 x 1 00 
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Character: zat ion Test Report 

for 

Customer JET PROPULSION LABORATORY 
Contract No. 4 5 1788 

Device No. JPL 9 

Device Type 400 X 500 buried channel 




CCD OPTICAL AND ELECTRICAL CHARACTERIZATION 
TEST REPORT 


1. CCD DEVICE NUMBER JPL 9 Date 22 July 75 

2. DEVICE TYPE 
Header type 
Active area 

3. OPERATING LEVELS in volts 

SUBS (substrate) 0 V . (prec.harye reference) 15 

P CLK (parallel clocks 8 , 3 V^V • droit- voltage) jO 

S CLK (serial clocks) J_0_ V ( I oad bias) 

SID (serial input diode) 23 

SOG (serial output gate) __2_ __ 

V (precharge pulse a,- pi i tade) lb 


A, AMPLIFIER CONFIGURATION used tor tne tests in this report 



5. SPECTRAL RESPONSE 


Quantum efficiency is 

r 

at 

: U . ■■+ 

:r i c rons 


6(i 

at 

0 . 7 3 

microns 


2 n 

at 

i . 0 

i c cons , 

Frame readout 

l-'.OC ti 

non 

shut 

tered , data '•ate 1.0 MHz 

frame time 163 r 

T> * t *J 

- per a 

dare 2 a C. average wel 1 

population 33 

. 




Note that quantum effl 

i c i c ?! 

' C i if 2.' 

a re ,. 

aicorrtc led for reflection. 


6. WIDEBAND RESPONSE 

a) Responsi vi ty is 72 naroamps/ A icrowatt ) ’ 

b) is l .OQt U.Q2 fro; sa£i-i ration i own to sat pratt -n divided oy 320 

c) Sensitivity is 2 . i X UP elect nr s/p i n: 1 at x- closure of 

100 _ J/r-K~ ~ 

d) Numerical integration of sped -A response data at 19 well 

population yielcis a sens i t i ; y 0* : _]_■ , ihArS|r ps/n i c rowat t com- 
pared to the directly reu sail e .1 scifi s i. l i ■/ i t y of 72 nanoamps/ 

i .icrowat t at the same .we l 1 pop||?atlor.. 

Frame readout ftSM. non .-shut r-tirod , data, rate 1 , Q MHz , 
frame time 163 ~s. ' er s p|§iv •■§ u rt- 2_> 'l, 2830 ' k source. 

7. SATURATION EXPOSURE 

a) Saturation exposure is 2 y'.O .. J/r.*" , ; r 2 8 .... °K source, 

b) A lull v;e 1 I contains 3 . t> X ; IpT el ec. t r v. s . 

c) Btooning first occurs d own t he chouse i UN 

Sat jr.it ic 
amp 1 i t . , d t 

t reqiu-nc . 
d i rec t i o ' 


id i f *U-reu.;.o is niue.-d Udom light mu dark d Nyquist 

bar chart. fries o r i - n U - ■ ; - <v r : * - li a ’a 'hr- '.referential 



2 

0 ■ 8 36 art", pixel di wens ions !! - V rails x 0.9 mils 


( 



CCD TEAT REPORT 
DEVICE NUMBER JPL 9 


(continued) 

Frame reaC> -it mode, non shuttered, data rate 1.0 MHz, 
frame time 164 ms , temperature 2 5 *'C, 

8. fill 5 E 


a) Number of RMS noise electrons is 1 300* 

b) Noise equivalent exposure is aJ/m/ for a 2854 ° k. source. 

Frame readout mode, data rate I MHz, frame time 163 ms, 

temperature 25 C, off-chip amplifier bandwidth 2 MHz 

*hilluen.-eft hv electronic noise off chip 

DYNAMIC RANGE* 

Dynamic range is 330 defined as saturation exposure divided by 
noise equivalent exposure. 

♦Influenced by electronic noise off chip 

DARK CURRENT 

Dark current measured by integration technique is 2 .s X 10 e I ec t rons/o ixe 1 / 

sec ( 7 . 4 nanuamos /cn2 . at T - 2 3,7 C , compared to 8 . 7 nano- 

anp'a/tr.-.Z using precharye current -c-astj regents . 

3 

Dar»s current measured by integration technique is 7 . i X 10 e I ei t rons/p i xe I / 
;ec ( 0.19 nanoamps/erm ) at T = 39 . fa C . 


Frame readout mode, data rate 140 MHz at T - 25,7 ? C , 

0.D1D MHz at T « - 39 . 6 C. Frame time variable for in teg re tic: 

technique . 1 b 5 ms for p recharge n-.cosu reretit • 

DAR. OUTPUT NONUNIFORMITY 

Dark output nortuni formi t y (standard deviation divided by the mean) is 
n.4 s at T ? 2 5 C . 

J 

(Frame readout ..mode , ci.ua rate I . n MHz , frame time 1.2 X 10 , ms 
RESPONSE N0NUNIF0RMITY 


Wideband response nurture i f ormi ty tanda ref c. v i at iogodi v i deu by the mean)- 
i S 0 . 1 h for a 28 3-4 ‘ r v source. 

Spectral response njnuniionuty is !l - far a u • mi cron source, 

am, Q. 1 5 for a 0 . ! H) c, j c run source. 

Fra me readout sm.de. shut, t- * ed . data rate u . 0 S U 2 MHz, exposure 
ti e 0.25 set , te ..perutui e -If t C. 



CCD TEST REPORT 
DEVICE NUMBER JPL _! 


1 3 . (continued) 

Number of dark blemishes (pixels with an pni ! iuminated output of more 
than 4 '% of full well) is 3»6S X 1Q ”\ 

Frame -eadout mode, shuttered, data rate 0,0102 MHz, 
exposure time 0.23 sec, source 283-4 "'K, temperature 

-39.7 °C. 

14. RESOLUTION 

Uncorrected square wave amplitude response at the Nyquist frequency 

a) for bars perpendicular to the aerial register 

^ / at line 30 , bit 8U 

36 at line 200 , bit 200 

36 7 , at line 370 , bit 120 . 

b) for bars parallel to the serial register 

38 /, at line 30 , bit 80 

39 at line 200 , bit ' 200 

39 at line 370 , bit 320 . 

Frame readout mode, non shuttered, data rate 1-0 MHz, frame time 
163 ms, temperature -39,7 c, strobe K source, lens Wol lonsak 
aperture f/8 highlight illumination level 7 3 full well. 

15- CHARGE TRANSFER EFFICIENCY 

Serial register charge t runsfer efficiency is O.b'iQH for oO 
signal pulse. 0 fat zero, data rate 1 . 0 MHz, 

temperature 25 X . 

16, RESIDUAL IMAGE 

Residual ima.ye is less than ) 

Exposure every other frame . highlight exposure greater than 75/ 
full well, data rate 1 . 0 MHz. frame time 7 50 ms, 
tempG ra tu re -39,5 . . 

17. MEMBRANE FLATNESS over mu active area is 

> 30 microns noburca at 2 • C . 
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for 
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CCD OPTICAL AND ELECTRICAL CHARACTERIZATION 
TEST REPORT 


1 . 

2 . 


3. 


4. 


5. 


6 . 


CCD DEVICE NUMBER JPL 1 1 


late 12-1-75 


DEVICE TYPE 400 X 400 buried channel 

Header type 40 pin DIP 

2 

Active area 0.836 cm , pixel dimensions 0.9 mils X 0.9 mils 


OPERATING LEVELS in volts 


SUBS (substrate) -1 V 

P CLK (parallel clocks 6.5 V 

S CLK (serial clocks) i; V 

SID (serial input diode) 25 V 

SOG (serial output gate) 2.5 V 


Vpc (precharge pulse anplitude) 18 V 


V f (precharge reference) 19V 

M r . e , id'-ain voltage) 26 V 

V (load bias) 

99 


AMPLIFIER CONFIGURATION used for the tests in this report Precharge 
Surface channel source follower 


SPECTRAL RESPONSE 

Quantum efficiency is 1.5% at C.4 microns 

SO at 0.75 microns 

22 at 10 microns. 

Frame readout mode, non shuttered, data rate l MH2, 
frame time 170 ms, temperature 25 ” C, average well 
population 120 % . 

Note that quantum efficiencies are uncorrected for reflection. 

WIDEBAND RESPONSE 

a) Responsivity is 61 nanoamps/ (mic rowat t ) % 

b) \ is 1.0 from saturation down to saturation divided by 100 

c) Sensitivity is 2 X 10* eiectrons/pixel at an exposure of 

M, 

d) Numerical integration of spectral response data at 90 well 
population yields a sensitivity of 60 nanoamps/microwatt com- 
pared to the directly measured sensitivity of 61 nanoamps/ 
microwatt at the same well population. 

Frame readout mode, non shuttered, data rate 1.0 MHz, 
frame time 16.1 ms, temperature 25 " C , 2854 °K source. 

SATURATION EXPOSURE 


a) Saturation exposure is 799 pj/m , for 28S4 °K source. 

b) A full wel 1 contains 1.6 X 10 s electrons. 

c) Blooming first occurs DOWN the channels. 

Saturation exposure measured as illumination level at which maximum 
amplitude difference is achieved between light and dark bars of Nyquist 
frequency bar chart. Bars oriented perpendicular to the preferential 
direction of blooming. 
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CCD TEST REPORT 
DEVICE NUMBER if l II 


7. (continued) 

Frame readout mode , non shuttered , data rate 1.0 MHz , 

frame time 163 ms, temperature 25 "C , 

8. NOISE 

a) Number of RMS noise electrons Is 300 

b) Nci'e equivalent exposure is 1.59 for a 2854 °k source. 

Frame readout mode, data rate 1 MHz, frame time 163 ms, 
temperature 25 °C , off-chip amplifier bandwidth 2 MHz 

9. DYNAMIC RANGE 

Dynamic range is 510 , defined as saturation exposure divided Hy 

noise equivalent exposure. 

10. DARK CURRENT 

Dark current measured ay integration technique is 3 X 10 4 electrons/pixel/ 

sec ( 0-92 nanoamps/ -m2) at T = 24 c C , compared to 0.72 r.ano- 

amps/cm2 using precharge current measu. ements . 

Dark current measured by integration technique is 28 electrons/pixel/ 

sec ( 0,71 X 10~ 3 nanoamps / cm2 ) at T = -40 C . 

Frame readout mode, data rate 1 MHz at T = 25 1 C , 

i MHz at T =■ -40 °C . Frame time variable for integration 

technique, 163 ms for precharge measurement. 

11. DARK OUTPUT NONUNIFORMITY 

Dark output nonuniformity (standard deviation divided by the mean) is 
0.35 at T = 25 °c. 

Frame readout mode, data rate 1.0 MHz, frame time 6257 m $ 

12. RESPONSE NONUNIFORMITY 

Wideband response nonuniformity (standard devi Hi on divided by the mean) 
is 0.22 for a 2854 "K source. 

Spectral response nonuni formi ty is 0-17 for a 0-90 micron source, 
and 0.44 for a 0.466 micron source. 

Frame readout mode, shuttered, data rate 1 -0 MHz , exposure 

time 163 sec, temperature 25 °C . 

13. BLEMISH COUNT 

Number of illuminated blemishes (pixels with a response less than 25 ’ / 

or more than 75 % of full well with an average illumination level 

of 50' full well) is 749 
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CCO TEST REPORT 
DEVICE NUMBER 


13. (continued) 

Number of dark blemishes (pixels with an unilluminated output of more 
than 4 % of full well) is 7606 . 

Frame readout .node, buttered , data rate 0-01 MHz , 
exposure time 0-2$ sec, source 2854 ” F , temperature 
“49 


14. RESOLUTION 

Uncorrected square wave amplitude response at the Nyquist frequency 

a) for bars perpendicular to the serial register 

47 % at line 50 , bit 50 

42 % at line , bit 

41 % at line 350 , bit 350 

b) for bars parallel to the serial register 

47 7 a at line 50 bit $0 

46 7 . at line , bit 

41 % at line 350 , bit 350 . 

Frame readout mode, non shuttered, data rate 1 .0 MHz, frame time 

163 ms, temperature 25 °C , Strobe K source, lens Wollensak 

aperture F/8 highlight illumination level SO % full well. 

15. CHARGE TRANSFER EFFICIENCY 

Serial register charge transfer efficiency is 0-9999 for 50 % 

signal pulse, 0 % fat zero, data rate i MHz, 

temperature 25 1 . 

16. RESIDUAL IMAGE 

Residua! image is less than __J %. 

Exposure every other frame, highlight exposure greater than 757, 
full well, data rate 1 MHz, frame time 163 ms, 

temperature 25 °C . 

I?. MEMBRANE FLATNESS over the active area is 
i 30 um microns measured at 25 " C . 
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CCD DARK CURRENT UNIFORMITY 
Device Number JPI ii Device Type 


400 X 400 



Temperature 25 

Data rate ! 


Frame time 


J MHz 

625? ms 
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sJ|) CCD UNIFORMITY Of RESPONSE 
Device Number JPL il Device Type 400 X 400 



Light source 
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Frame time 

16,250 ms 
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CCD OPTICAL AND ELECTRICAL CHARACTERIZATION 
TEST REPORT 

1.. CCD DEVICE NUMBER JPL 12 _ Date 1 24*7$ 

2, DEVICE TYPE 400 X 400 buried channel 

Header type 40; pin IMP 

2 

Active area 0.836 cm , pixel dimensions Q.9 mils X 0.9 mils 


OPERATING LEVELS in volts 


0 V 


6.5 V 


10 V 


25 V 


V I (precharge 

( drain 

V° ( load bias) 
99 


reference) 17 V 
vo 1 tage ) 26.5 


SUBS (substrate) 

P CLK (paral lei clocks 

S CLK (serial clocks) 

SID (serial input diode) 

SOG (serial output gate) 

V (orecharqe pulse amplitude) 18V 
pc 

AMPLIFIER CONFIGURATION used for the tests in this report Precharge 
Buried channel source follower 


2 V 


SPECTRAL RESPONSE 

Quantum efficiency is 6.2 ' '< at 

58% at 
22.3% at 


0 mi c rons 
0.75 microns 
microns . 


10 


Frame readout mode, 
frame time 170 ms 
population SO 


non shuttered, data rate j ,Q MHz, 

. temperature 25 " C , average well 


Note that quantum efficiencies are uncorrected for reflection. 


WIDEBAND RESPONSE 
Responsivity is 


a) 

b) 

c) 

d) 


68 


nanoamps/ (mic rowat t ) 


v is i.Q from saturation down to saturation divided by 200 

Sensitivity is j X IQ 4 electron's/pixel at an exposure of 


100 




Numerical integration of Spectral response data at 80 % well 
population yields a sensitivity of 6ft nonoamps/microwau com- 
pared to the directly measured sensitivity of 68 nanoamps/ 
mi c rowat t at the same well population. 


Frame readout mode 
frame time 170 


, non shuttered, data rate 
f is , temperature 23 ’ C, 


to 


2854 


HH2 , 

K source. 


?. SATURATION EXPOSURE 

2 

a) Saturation exposure is C US gj/m , for 2854 °K source, 

b) A full well contains 3 T y | (f elect runs. 

c ) Blooming first or mis IMW N the channels. 

Saturation exposure measured as il luminal ton level at which maximum 

amplitude difference is achieved between light add dark bars of Nyquist 
frequency bar chart. Bars oriented perpendicular to the preferential 
direct Join of bleOiung, 


• lUVlHU.m OF TUB 

r •. o; m poos 



CCD TEST REPORT 
DEVICE NUMBER JPL 12 


7. (continued) 

Frame readout mode, non shuttered, data rate 1.0 MHz, 
frame time 170 ms, temperature 25 "C. 

8, NOISE 


! 1 


a) Number of RMS noise electrons is 340 

b) Noise equivalent exposure is ;,5 uJ/m 2 for a 2854 ’ K source, 


Frame readout mode, data rate j_ 


MHz, frame time 


temperature 25 C , off-chip amplifier bandwidth 
DYNAMIC RANGE 


163 ms , 
2 MHz 


590 


Dynamic range is 
noise equivalent exposure. 

DARK CURRENT 


defined as saturation exposure divided by 


Dark current measured by integration technique is 1.2 X IQ 5 electrons/pixel/ 

sec ( 3.0? nanoamps /cm2) at T = 24,4 C , compared to 2.6 nahof 

amps/cm'2 using precharge current measurements. 

Dark current measured by integration technique is 74 electrons/pixel/ 
sec ( 2,3 X 10" 3 nanoamps/cm2) at T = 40 C . 


.0 


MHz at T 


24.4 


Frame readout mode, data rate 

1,0 MHz at T = 40 °C . Frame time variable for integration 

technique, 163 ms for precharge measurement. 

DARK OUTPUT NONUNIFORMITY 

Dark output nonun i formi t y {standard deviation divided by the mean) is 
0.65 at T = 25 ’ C. 


Frame readout mode, data rate 1.0 MHz, frame time 1 820 ms 


12. RESPONSE NONUNIFORMITY 


Wideband response nonuniformity (standard deviation divided by the mean) 
is 20 JT for a 2854 ' K source. 


Spectral response nonuniformity is 0-49 for a 0-466 micron source,: 
and 0.2° for a 0-90 micron source. 

Frame readout mode, shuttered, data rate 0.01 MHz , exposure 
time 0-25 sec, temperature 40 C. 

13. BLEMISH COUNT 

Number of illuminated bleni she-, (pixels with a response i<-vs than -5 

or more than 75 / of full we I 1 with an average illumination level 

of 50 / full weTTT~Ts ~ ! 3 JsOU . 

1 -3 



JPL 12 


CCD TEST REPORT 
DEVICE NUMBER 


13. (continued) 


Number of dark blemishes (pixels with an unilluminated output of more 
than 4 % of full well) is 9.2 X 10* . 



Frame readout mode, 

shuttered, data rate 

MHz , 


exposure time 

0.25 

sec 

, source 2854 

K, temperature 


-40 °C. 





RESOLUTION 





Uncorrected square wave 

ampt i tude 

response at the 

Nyquist frequency 

a} for bars perpendicular to the 

serial register 



46 7 at tine 

40 

, bit 

40 



45 % a t line 

200 

, bi t 

200 



48 % at 1 i ne 

350 

, bi t 

350 . 


b) for bars parallel to the 

serial register 



41 /, at 1 i ne 

40 

, bit 

40 



44 7 , at 1 i ne 

200 

, bi t 

200 



46 % at 1 i ne 

350 

, bit 

350 . 


Frame 

readout mode, non 

shut tered , 

data rate 1 

MHz, frame time 

163 

ms, temperature 

25 ” 

C, Strobed K source, lens Wollensak 

aperture 1/8 , hiqh light 

illumination 1 eve 1 

75 7 full well. 

CHARGE 

TRANSFER EFFICIENCY 




Serial 

register charge 

transfer efficiency is 0.9'KW for 50 % 

signal 

pulse, 0 

fat 

zero , 

data rate 10 

MHz , 

temperature 25 °C . 






16. RESIDUAL IMAGE 

Residual image is less than 1 % , 

Exposure every other frame, highlight exposure greater than 75 %. 
full well, data rate 1 .0 MHz , frame time 163 ms, 

temperature 25 C . 

17. MEMBRANE FLATNESS over the active area is 

32 microns measured at 25 C , 


I -4 
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Hwmmm** .-*«» * 
mmmm**. , m sr « 

iiiliAiii 


MMUtMiM i - ■ j (KtinF m 

MHUNIi iiffl'!® tist 8 B MS# 


m is<, t| 

mm 


lit r 


#*«*,%#l****ill‘*i t * 

• »*«»♦«**». .’W 

MlMHKMtlfi . 

1 k 

• BIHHiHWSi!:# 




»* **» .1,' -~ If*** 

' w itii'ili - 
* ,*♦«*«** ^ * 

IMM 8 »*r.K-- aitw . ' " 

liiiisiiii m 

ItttltMl : - ‘t:t - 

l*li»il*H.te.‘»i • i»a«- 

HU| 8 ffijgy:£.-:> wm§$'. 
"mm**?. ||S1I|2 


ml 


8s:s: 


i$*WJ !■: V 
** * 

»»b *»** 

fits*# 

... JM* 

tWF* *•> 

iWSHiKlt 

iBBSs*- 

K iSSit 

ttiisui 


mmuuuimmm* m 

— * y ■ - • 


mimm . 


“liiil 


imfUS u- : 

-mites m 


usiiwmiij 

imiaMii 

ianii 


»«*»*> HMK 

fttCMltft - 
■ •HWUltiiMHUH «<' 

- mmnmmn^z; 




ilSIii 


saturation j 

current _/j 

30 ( nanoamw ) ; 


**• 

.mmfrv 
***** 

.fti : • * 

:r MRSIV.! 
'iiiMsfeiii 
*11111 

8 S25SS 1 


nwitillm 

inieta»w»>*iw.a r *<.* 




Km»»a*i(8« sc*3». 
XMiSliHSHi Stf <ili - ’ * 

mmmmmmm 

m: s*# .w« •>. 

wwKtURr*--?:*! 

Wjlfff hcv; ssa iitffr asst; ax ™ v a 

■ IPlllP- 




!!jiii - 1 


Illillijlli-tiSiii; r 

IHI#I 


mm 


• UIHHHitio 

niiifflsysirp- 

■ ffiaaeaa tisza ;;.;r 
S8«S f ' > 

IIIIMHW !{!(=•&. :■ 

!«!»*#- 
ii' 5 i 

Br^sss; 


SiHf 


ir’. 

*ris: 


M*MI«KWftii£ ■ !»i --m 

IfMIffllfiHii* 'mfei 
nSsife 

MIHMSHli! ■: :i!! 

mWlttSilPW ■ ■ 

iaswaiitB,:: mmi 


Ulii I 


saturation 
exposure 
0- 4 ? (pWatts): 


I MiHtHtiith’ ;IS! :! 

»M*W»8 «««*<■ :m::. 

watopas^aiai 

li»18SSS§iS :? 

tVttf! trrts fxTT t?TT; Trfr! 

IltifiiifH*: P,;*: 


^«ft»l 8 tfltUlt))P > 

ttHWIMiaS! 

IPI- 


i|H^?it *' • 

*: *1 


»*»»« 

illlllfliiimniii 


ip 


iilll == 


Oil- -- *! 1 ’ ■ 

: » ,» m * : *i* in . ' 
t&t- mm®* ' i 

illlllll 

» »»*t f^nwr rap 3*> as ; 

.rffifilal' 


mill 

|*»2 


IliiwMt j 


ISSil 


Utc ietli : I 

|**»»U»in«{!s!:!S rlJUMS* - 
ilitu mm&»* mm ** « 

IBiMffilSrillls- 

naw us- 

IIRIIWSl : JM ■ 

aitasasst jt. i. : 

ii 



S3SS 


la»*| 

MftfflMmttikS h-L 


MilVll 

wffii®!ii| 

Hi 


Device 1 - 18-8 

Nominal 3 X 54 

K source 

Data rate 1 

"MHz 

Frame time 1 70 ms 

Temperature 25 

. C 

i . , L. 1 ...UU v.’:v nrx. :t: 

T. 1 TX5 . 1 . . 

10 “' 

10 ° 

wer, P ( u Watts) 



liSIBSilii 
















J * 


• BARS PARmLLEL TO SERIAL REGISTER 
A BARS PERPENDICULAR TO SERIAL REGI'TER 


Si tube K SOURCE 
IS Vtollens.iL 


MICRON FILTER 













Number of pixels 


CCD DARK CURRENT UNIFORMITY 



Device Number JPU; 


Device Type 400 X 400 


Temperature 
Data rate 


25 


Frame time 


IS25 


MHz 

ms 


NOT TAKEN PRIOR TO 

DEVICE DELIVERY VI0E0 MONITOR DISPLAY 



♦ 


Average 
dark 
s i qna I 


Average 
i nhi bi ted 
s i gna I 


Output level 


Average well population 
50 % 





umber of pixels 


E 


Spectral filter 


uata rate P,Ol n 
Frame time 16 250 


VIDEO MONITOR DISPLAY 






MULTICHAN 

DI 

Average 

Output 



• eve 1 

response 



1-14 


. .. 















DEVELOPMENT of a too X too ELEMENT, BACKSIDE illuminated CCD imager" 

6. A. Ante I iffe, L. J. Hornbeck, W. C. Shines, W. W. Chan, 

J. WL Walker, and D. S. Collins 


Texas Instruments Incorporated - Dallas, Texas 75222 


ABSTRACT, Thinned, backside illuminated CCD imagers with 400 x 400 resolution elements 
have been fabricated using a double level anodized aluminum electrode system. These Imagers 
have been developed for application to deep space photography where array read out rates of 
about 10 kHz and operating temperature near -40°C are envisioned. The performance of the 
400 x 400 will fee discussed and comparisons made to the operating parameters of a smaller 
160 x 100 array fabricated with the same technology. 


INTRODUCTION 
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imaging arrays. 1- * 1 1 lumirtation may be inci- 
dent on the front, or electrode side of the 
array, but inti rf< ce an • < nt ion in 
either polys i 1 icon or metal oxide electrodes 
can limit performance. Backside 1 1 1 um i na- 
tion, where radiation is focused on the 
planar back surface remote from the CCD 
electrodes, gives uniform and high spectral 
resports ivi ty. Backside illumination ~ 7 
requires however that the CCD be thinned to 
about 10 pm to provide high resolution. 

Large area CCD arrays are being consi- 
dered for application in deep space photo- 
graphy where the requirements are such that 
the imager should operate at low data rates 
{- 10 kHz) which requires device cooling 
(~ ~40°C) to reduce thermally generated 
da-k current during the long read out se- 
quence, In this application the self- 
canned CCD may replace the conventional 
electron beam scanned vidicon. However, 
the processing complexity of the CCD as 
compared to the vidlcon presents formidable 
problems in obtaining high quality, defect 
free devices which are greater in area than 
present commercial M0S integrated circuits. 

This paper describes the development 
at Texas instruments of a three phase 460 % 
400 thinned, backside illuminated CCD array. 
Double level anodized aluminum techre logy * 


is utilized. The performance of a 160x100 
array was discussed recently, f and in this 
■ . tnd this discussion to tne 400 

x 400 imager. Doth arrays have essentially 
the same serial -paral lel-seria! organization 
Some of the processing details of particu- 
lar concern with large arrays will be dis- 
cussed . 

0K$_iJ,»j ANC f ASft iCAT IO N 

The 400 x 400 is an n-channel, three- 
phase {?■*) CCD, typically fabricated on 
10-15 ohm- cm p-silicon. The resolution 
element size is 0,9x0, 9 mil' which regui res 
that each parallel and serial electrode be 
0,3 mil in width. The Channel width in the 
parallel section is 0.7 : rul with 0.2 mi) 
channel stop regions for an active area of 
3&0 x 360 mil* on a 4?6 x 496 mil* chip of 
silicon. First and second level aluminum 
electrodes are isolated by about 250® A of 
ftljSi formed by first level anodization. 

The structure is shown schematically in 
Figure I where it is apparent that a given 
phase Occurs alternatively on first and 
second level electrodes. A photomicrograph 
of the corner of the array showing the out- 
put amplifier is shown in fiejorz ?, Since 
in the 31 design,' each level i.s formed at, 
an independent step in the CCD process, 
integration under a single parallel phase 
could possibly Introduce line to line 
variation in the video output. Oscilloscope 
photographs showing several video lines 
are shown in Figure 3. Figure 3a indicates 



video resulting from integration under $>j 
only and Figure 3b shows video after inte- 
gration under both and $j. The line 
pairing, which is a feature of the 3$ design 
is completely eliminated by using two elec- 
trodes. Square wave amplitude response 
(SWAR) data, giving resolution performance 
of the imager, is more reproducible using 
the two electrode scheme. 

The second level electrodes overlap 
those on the first level by 0.05 mi I s to 
give a completely sealed electrode system. 
This allows buried channel array operation 
with high charge transfer efficiency (CTE) , 
This design leaves 0.2 mil separation between 
electrodes which is the minimum that can 
reliably be opened by conventional wet etch- 
ing technique. To maintain the design over- 
lap of G.05 mil in both parallel and serial 
sections presents formidable difficulties in 
both optical photomask generation and slice 
processing. CCD processing requires nine 
photomask levels which must be registered 
with each other, although of course, some 
are more critical than others. Random 
variations inherent in the generation of the 
master masks, which are due to mechanical 
limitations, can amount to ±0.015 mil and 
this can significantly affect a design over- 
lap of 0.05 mil. The design overlap must 
also be maintained over many repeated arrays 
on the working photomasks used in processing. 
For processing on two inch diameter silicon 
slices, six to seven bars can be used while 
for three inch processing, 21 bars can be 
used. 

A second factor which impacts device 
yield is the occuronce of random defects in 
the photomasks such as accidental bridging 
between two channel stops (nonfatal) or 
between two metal electrodes (fatal). Indi- 
vidual treatment to eliminate these defects 
is often necessary on the master reticle. 
These defects can be due to imperfections in 
the SijMi, used for the working masks or to 
dust particles in related processing and 
individual treatment is again used in most 
cases to remove most of these defects. In 
spite of these problems, however, it has been 
found that the design tolerances can be main- 
tained over sufficiently wide fields so that 
processing can be performed on three inch 
silicon sl ices. At the present time device 
performance in so far as it is effected by 
photolithography, does not appear to be sig- 
nificantly affected by location on a processed 
slice. Extension to larger arrays, forwbich 


the tolerance must be maintained over larger 
areas wii! be a progressively more difficutt 
problem. 

The ROD x A00 is designed to operate In 
the full frame imaging mode. An upper and 
lower output serial register is provided to 
allow forward or reverse array operation 
which increases device yield in the event of 
a malfunction of one of the on-chip output 
amplifiers. The array is divided electri- 
cally into four independent 100 x A00 sect ions 
so that a fatal processing defect in one 
section does not prt:iude operation of a 
partial array. This design feature ai lows 
an Increased a wunt of performance data from 
a processed 'at to be obtained for evaluation 
purposes. All electrical inputs necessary 
for array operation can be brought to bond 
pads along two cages of the CCD chip. Thus 
each 400 x A0Q chip can be cut with a few 
mils of the two remaining array edges to 
allow a 800 x 800 mosaic to be mad± with the 
loss of oniy 5-10% of the active area. 

The output from the CCD is by a simple 
precharge amplifier with reset switch (buried 
channel) and source follower (generally 
surface channel). For generation at 10 kHz 
follower load, resistors of up to 50 K are 
possible to reduce on chip power dissipation 
and membrane heating while maintaining low 
M0SFET noise. 

Bond pads are extended some 50 mils from 
the active array so that the edges of the 
thinned silicon can extend outside this area 
but still leave a thicker 25 mil rim for 
membrane support. Thinning is performed by 
chemical etching techniques in which either 
a selected chip or complete slice can be 
thinned. The resulting membrane surface is 
highly reflective and can readily be coated 
with an arvt i ref Sect ion (AR)/pass i vat ing layer 
of SiO. Although the membrane is generally 
somewhat nonplanar due to process- i nduced 
stress, device performance does not appear 
to be affected, even by repeated temperature 
cycling between 2A°C and -AO'C. A photo- 
graph of a CCD mounted in a A0 pin dual in 
line header is shown in Figure A. 

Buried channel operation of the array is 
necessary to achieve high performance at all 
points in the array. A 0.5 to 1.0 ;.m deep 
channel is formed by implanting phosphorus 
and a CTE ■' 0.9939 is measured in the serial 
register with 8-10 V clocks and no electri- 
cally introduced fat zero. Equally good CTE 
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In the parallel section is inferred from the 
square wave amplitude response (SWAR) data 
ant) is also measured by electrically inject- 
ing a pulse into the upper serial register 
and transferring through the parallel section 
to the power output amplifier. 

CCD device processing generally .takes 
use of conventional MOS techniques. p + 
channel stops and n + diodes are formed by 
boron and phosphorus diffusion, respectively. 
Typical gate oxide thickness for the CCD's 
is 1350 - 600 A. The buried channel Is then 
formed by the phosphorus implant and subse- 
quent drive In diffusion. This process is 
critical to obtain low dark current imagers. 
After first level metal patterning, the metal 
is protected by a layer of photoresist (vias) 
in certain areas which must connect to sub- 
sequent second level metal electrodes. Vias 
eliminate the need for less reliable n* 
diffused tunnels as a means of interconnec- 
tion for the electrode structure and allows 
ail electrodes to be brought Out on the same 
side of the array (Figure l ) . The exposed 
metal is anodized and interconnects which 
had been required for electrical continuity 
during anodization are removed. Second level 
metal is then patterned to give a completely 
sealed electrode system. Detailed inspection 
of the first level pattern after etching 
generally revealed undesirable accidental 
bridges between adjacent metal electrodes 
due to either resist contamination during 
processing or to photomask defects. These 
would result in intralevei shorts if not 
removed prior to anodization. Pinholes in 
the anodic oxide which isolates first and 
second level electrodes will result in inter- 
levei shorts. Anodization is a self-healing 
process and the quality of the interlevel 
isolation is very high. Nevertheless, metal 
defects are the dominant failure node for 
our CCD's. Pinholes in the gate insulator 
are also fatal defects and considerable 
effort has been mode to grow high quality 
Si0 2 layers. Dry oxidation between 1 000*0 
and llOO^C, with and without HC I impuritv 
doping and steam oxidation at 950° have been 
investigated as well as the influence of 
chemical and vapor cleaning techniques on 
the pinhole density in the gate oxide layer. 
At present, the CCD gate is grown by steam 
oxidation and pinhole densities well bel w 
l/cm ;> have been achieved. The formation of 
pinholes appears to result from nonrandom 
defects or particles at the silicon surface 
prior to oxidation. Over the range 1000 A 
to 1500 A, the pinhole density does not 


appear to depend strongly on oxide thickness. 

The thermally generated array dark cur- 
rent in the buried channel arrays can be 
very low (1 nA/cra ), provided bulk getterlng 
processes are applied in processing. At 
these levels the dominant dark current con- 
tribution is generated at the surface rather 
than in the bulk silicon as evidenced by a 
weak dependence of array dark current on 
clock voltage. Storage times to reach full 
well of 15 sec at 24°C and about three hours 
at -AO^C have been achieved with the smalter 
160 x 100 array. The incidence of localized 
dark current spikes in these deices is essen- 
tially zero. Since the generation rate for 
these spikes does not decrease with tempera- 
ture as does the bulk silicon contribution, 
long storage times (or low dark currents) at 
reduced temperature require low defect 
density devices. 

IMAGER PERFORMANCE 

The successful use of large area CCD 
imagers in any application requires that an 
array meet many performance criteria simul- 
taneously. In particular, low dark current 
with high uniformity must be combined with 
high uniform spectral responsivity to opti- 
cal radiation. This latter parameter is of 
particular concern because large pixel to 
pixel nonuniformity in response may require 
excessive data reduction programs to allow 
maximum information to be obtained from the 
array. High CTE wilt result irt maximum SWAR 
across the array while the backside illumi- 
nated geometry will provide the highest 
responsivity and quantum efficiency. Other 
parameters, such as their membrane planar i ty, 
will Impact the final design of the optics 
which focus the image onto the CCD surface. 

Operation of a 400 x 400 array at 10 kHz 
requires a read out time of 16 sec versus 
1.6 sec for the 560 x 100. The read out 
sequence must be performed in the dark to 
avoid image streaking. Low data rates also 
streak out any individual btemished pixels 
so that defects which appear strongly local- 
ized at 3 MHz are not as well defined at 
10 kHz. While this will improve uniformity 
of response, it limits the dynamic range of 
the imager. Imagery taken with the 400 x 
400 at -40®C with a 0.2b sec integration 
time and a 10 kHz read out is shown in Figure 4. 

Performance parameters for two repre- 
sentative 160 x 100 buried channel arrays 



have been presented elsewhere. In Table I 


TABLE l 


Characteristics of Typical (Best in Brackets) 160 x 100 Arrays and Initial 400 x 400 Arrays 
CTf 160 x 100: 0.9333 (8V Clocks) 400 x 400: 0.999$ (8V Clocks) 


Dark Currant 24°C 
-40’C 

Respons i vi ty 


fe.S £1.8} nA/ cm* 

0.008 £0.0011) nA/cm 2 
90 mA/wa 1 1 (ho AR) 


7.4 nA/cm 
0.19 nA/cm* 

?2 it A /watt (No AR) 


39*. {Center) 
36* (Center) 

0.16 


5 WAR at the Nyqu i st Frequency 
Raral lei to Serial 
Perpendicular to Serial 

Uniformity of Response £-40°C) 

Dark Uniformity (-40*0) 


497 (Array center) 
507 (Array center) 

0.12 £ 0 . 08 ) 

0.50 (0.14) 


representative average and best parameter 
values are given for 160 x 100 devices based 
on experience gained during a twelve-month 
period. Also shown are values for initial 
buried channel, TOO * 400 arrays, Excellent 
charge transfer characteristics are evidenced 
by high Tl a .WAR, for the la , array, 
there is only a rev, perc in SWA $ 

going from a pixel near the output to one 
far from the output. 

The 160 x 100 array design has on chip 
preamp! i f iers with M0$F£T loads which result 
in heating of the membrane and this can limit 
device storage time. The storage times 
quoted above were determined by disabling the 
amplifiers during a variable integration 
period and reading out the serial register 
rapidly at I MHz . Membrane heating from the 
source follower on the 400 x 400 can also he 
observed at long integration times where 
typical on chip power dissipation is 20-40 
milliwatts for a 5 ICO off chip load. This 
lead to increased dark current nonuni form! ty. 
These effects can be minimized however by 
positioning the amplifier on the thick sili- 
con rim or by using a higher load resistor 
( '.ay, 50 KQ) which is certainty permissible 
fo> tO kHz data rates. As indicated in 
Table I, initial 400 x 400' s, which were 
processed on three-inch silicon, typically 
showed a higher density of localized dark 
current blemishes than expected from recent 
160 x iOD's. The contribution of these 
blemished pixels to array dark current does 
not decrease like I s ' 1 exp (- Eg/2kTl as pre- 
dicted and higher than expected dark current 
is measured at -40°C. These loca I i zed sp i kes 


0.4J 

may be due to defects in the s i llcon substrate, 
residual impurities in the silicon, or 
implant damage which Is not completely 
annealed. Subsequent processing improve- 
ments are expected to significantly reduce 
these localized dark current sites to the 
low levels Seen in the smaller arrays. 

The backside illuminated CCD should be 
characterized fay highly uniform respons ivity 
since optical radiation is focused on an 
etched silicon surface. However, membrane 
thickness non uni formi t i es of ten result in 
bands of higher for lower) sensitivity. Uni- 
formity of response, as measured by sampling 
each pixel with a multichannel analyzer and 
defined as the standard deviation divided by 
the mean, has been limited to about 81, 
Variations in the backside accumulation pro- 
cess used at the membrane surface also lead 
to non uniformities in response, particularly 
at shorter wave long tbs* Devices with 701 
quantum efficiency at 4000 A have been fabri- 
cated but at present an average value is in 
the range 10 - 20T. High Q£ devices often 
show some variation in responsivity as the 
temperature is decreased from 24®t to -40*C 
which is generally not observed in the lower 
Qf. devices. Surface passivation with AR 
coatings of 5 MS have been applied to the 
membrane surface and appear to stabilize 
device response against long term, variations. 
It is expected that improved etching tech- 
niques together with passivation will even- 
tually result in response uniformity of 5* 
or better. 
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CONCLUSIONS 


High performance, backside illuminated 
CCO arrays have been demonstrated in a con- 
figuration sufficiently large to have 
application in a spacecraft environment. 
Operation at low data rate and -40*C appear 
to be compatible with the thinned CCD tech- 
nology. Further improvement in array perfor- 
mance is predicted and Improved packaging 
techniques, particularly aimed at increasing 
stability of the thin membrane, will be 
implemented to allow eventual application in 
the spacecraft camera system. 
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Fig. 4. Imagery of the lEFf Standard taken 
with d itOO a 40 Q at ?4’C and i MHz 
data rate corresponding to a frame 
time of 163 msec. 



using double -level metal technology. Detailed study 
of the optical performance of such arrays has been 
performed between 24° C and -40° C using data rates 
from 10 kHz to 1 MHz, A 400 X 400 array is presently 
being fabricated. 

I. INTRODUCTION 

Large -area charge -coupled device (CCD) imagers can be fabricated with 
any of several existing technologies (Refs. 1, 2, 3). Since a completely sealed 
el. 


The electrical and optical performance of arrays with 1 bO X 100 resolution ele 
merits will be presented to confirm that this technology can be successfully 
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applied to fabricate high-performance CCD imagers. The unique aspects of the 
double -level, backside illuminated structure will be discussed with emphasis on 
a 400 x 400 array presently being fabricated. 

II. DESIGN AND FABRICATION 

The 160 X 100 imager is an n-channel device designed to have a resolution 
element size of 0. 9 X 0. 9 mil^. The organization is serial-parallel-serial, 
which allows the input of electrical signals to the parallel section. A double- 

o 

level aluminum metallization separated by approximately 2500-A forms 

the transfer electrode structure. Three-phase clocking is used so that in both 
the parallel and serial sections of the array a given phase occurs alternately on 
first-level and second-level metal electrode (Ref. 5). The signal charge pack- 
ets are transferred to the ($ 3 ) output serial register electrodes through a 
composite gate region of width 0. 3 mil. Overlap of first- and second-level 
electrodes is nominally 0. 05 mil to achieve a 0. 9 X 0. 9 pixel. This require- 
ment places extremely tight tolerances on photomask perfection, particularly 
for 400 X 400 size arrays. 

An output amplifier is provided for both upper and lower seri registers 
to allow forward or reverse operation of the imager. This can increase array 
yield in the event of a malfunction of one amplifier. A balanced sample -and- 
hold design takes the precharge output from a source follower through a sam- 
pling MOSFET and to a second source follower, giving an amplifier bandwidth 
greater than 10 MHz. On-chip load MOSFETs are used in this design. A cor- 
related clamping circuit is provided at the upper serial output to investigate 
on-chip low -noise video processing. This amplifier has a bandwidth of about 
1 MHz. A micrograph of the 325 X 325 mil chip is shown in Figure 1. Bond 
pads are extended some 50 mils from the active area so they remain over the 
thick silicon after a region slightly bigger than the array itself (90 X 144 mil^) 
has been thinned. Thinning was performed by chemical etching either after the 
individual chips had been mounted on ceramic 40-pin headers or by etching a 
whole slice using an etch mask around each individual array. In this latter case, 
the slice was then scribed into individual chips and each subsequently mounted 
on headers. Either technique can provide uniformly thin membranes of thick- 
ness 10-12 um. The surface of the membrane is highly reflective, although a 
light surface haze is sometimes found after removal from the etch. Membrane 
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stability is such that repeated temperature cycles from 24° C to -40° C do not 
fracture the CCD. Distortion of the membrane is observed in some cases at 
-40° but can be minimized by avoiding temperature gradients. 

The imagers were operated in the full frame mode, and the readout 
sequence occurred while light was incident on the device. To reduce streaking 
ia the displayed image, the ratio of integration time to readout time should be 
>3:1, and a 5-second exposure at an output rate of 10 kHz (1. 6-second readout) 
was used at -40° , A shuttered mode of operation is simulated by illuminating 
with a short light pulse during the integrate period only, and the imagery of a 
160 X 100 operating in this mode at 24° C is shown in Figure 2. 

High charge transfer efficiency is achieved by using a phosphorus implan- 
tation to achieve a 0. 5-1. 0 pm deep buried channel in nominally 10 2-cm p-type 
silicon. Typical buried -channel arrays operate at 6-8 volt clocks with a CTE 
of 20. 9999 (measured in the serial register) with no electrically introduced fat 
zero. Equally good CTE in the parallel section is inferred from the square - 
wave amplitude response (SWAR) data discussed below. It does not appear that 
the transfer gate region to the output serial register is affecting array 
performance. 

HI. IMAGER CHARACTERISTICS 

The successful incorporation of the CCD imager into a spacecraft system 
will require that a given array meet many performance specifications. High 
CTE and spectral responsivity must be combined with a low blemish count and 
dark current. Uniformity of both responsivity and dark current are very desir- 
able. The arrays discussed in this paper are intended for operation at long 

exposure times and a 10-kHz data rate at -40° C. Array dark current is 

3/2 

expected to decrease with the temperature TatT^ exp (-E g /2kT) or a factor 
of 895 between 24° C and -40° C. Storage times of ^200 seconds should there- 
fore be possible at -40° C without appreciable filling of the potential wells. 

Performance parameters of two buried-channel 160 X 100 arrays are indi- 
cated in Table 1. The consistent achievement of high CTE requires tight con- 
trol over substrate resistivity and implant dose to achieve the desired buried 
channel. Any metallization d-'fects, particularly in the serial output registers, 
will also degrade CTE from the optimum for the buried channel. Using a volt- 
age contrast mode with a scanning electron microscope allows correlation of 
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such defects with array CTE and allows processing optimization. There does 
not appear to be any significant effect of temperature (25° C to -40° C) or fre- 
quency (10 kHz to 1 MHz) on the measured transfer efficiency. 

The dark current Ip of the buried -channel arrays is in the range 10-20 
nA/ cm ^ at room temperature as measured by a picoammeter in the precharge 
line of the output amplifier. While this method of measurement is generally 
reliable at 25° C, it fails completely at lower temperatures, where Ij) becomes 
lower than the CCD leakage currents. Our measurements (Table 1) at -40° C 
are taken using an integration technique that allows the dark current to build up 
over a long period (~200 seconds at -40° C) to give a significant well population 
which results in an easily measured video voltage output. The CCD/ amplifier 
is calibrated using a (large) current injected at the input diode in a separate 
measurement. This technique gives a decrease of 1000X between 24° C and 
-40° C in satisfactory agreement with that predicted above. In contrast, the 
precharge technique gives a decrease of 80-100, which merely reflects the 
degree of spurious dc leakage current from the CCD and ceramic package. 

One advantage of the backside illuminated mode is high responsivity and 
smooth spectral responsivity (Figure 3). The log-log plot of signal current 
versus incident power has a slope (Y) of 1 ±0. 1 under all operating conditions. 
The wideband responsivity to 2854-K radiation with no AR coating is 90 mA/watt 

o 

with a 70% quantum efficiency at 4000 A. Decreasing temperature to -40° 

o 

appears to decrease the responsivity at all wavelengths below about 6000 A by 
about 30% as measured on a device with peak QE of 40% at 8000 A. This effect 
may be related to a change in surface recombination velocity and suggests that 
a passivation layer or antireflection coating be applied to the thin membrane 
surface. For a lOO-pJ/m^ exposure at the array during a 5 -second exposure 
time, the ratio of signal to dark current (-40°C) implied by the data is 18. 6 for 
2854° radiation. 

The squarewave amplitude response of the imager taken with a high- 
contrast bar chart is shown in Figure 4 out to the Nyquist frequency fj^ = 21. 9 
line pairs/mm. The results in Figure 4 were taken at 1 MHz and -40° C, since 
detailed comparisons at 10 kHz (where data is less accurate) and 24° and -40° 
show no consistent change in the SWAR. This result would indicate that any 
distortion of the thin CCD membrane at -40° C is not sufficient to affect device 
resolution. High array CTE is reflected by measuring a constant SWAR across 
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the array (Figure 4), and only a very small SWAR loss can be attributed to CTE 
degradation. At fjvj, the SWAR is 40% and 30% for bars parallel and perpendicu- 
lar respectively to the serial register. The L>wer value for perpendicular bars 
is due to a bandwidth limitation in the external electronics in the 1-MHz data and 
is not a CCD effect. Without this limitation (device II), the SWAR for parallel 
bars is found to be 0. 04 below the perpendicular value. 

An estimate of the SWAR for device 1 can be made as follows: Using a 
substrate resistivity of 5 J2-cm, and a buried -channel dose of 1. 5 X 10^ cm'^ 
and drive-in of 2\/Dt - 0.6 pm, where D = diffusion coefficient for implanted 
phosphorus and t = drive time, one can calculate the depletion layer width to be 
3.2 pm from the SiO^-Si interface lor 8- volt clocks. If the substrate has been 
thinned to 10 pm, this results in a neutral bulk layer thickness of 6. 8 pm. By 
first substituting these values into the Crowell -Labuda formula (Ref. 7) for dif- 
fusion MTF, which has been shown by Seib (Ref. 8) to be an adequate approxi- 
mation to the CCD case in essentially all instances; next, multiplying by the 
pixel collection aperture MTF (sin irfd/irfd, d = pixel pitch = 0. 0229 mm) and the 
lens MTF; and finally, substituting this total MTF function, R 0 (f), into the for- 
mula for SWAR, 


SWAR(f) = i R 0 (,2m + 1 )f] 

m=0 


one finds the SWAR at the Nyquist limit (fpj = 21. 9 lp/mm) to be 0. 53 for illumi- 
nation having a 0. 8-pm wavelength, the wavelength of peak sensor response. 

This is somewhat above the experimental value of 0. 40 but possibly results from 
the monochromatic assumption in the model. 

Isolated light blemishes in the arrays have been reduced to a low level by 
bulk gettering and annealing processes (Figure 2). Bulk lifetimes after process- 
ing are ~50 psec, and interface states at the Si-SiC^ boundary are <10^/cm^-eV. 
However, the uniformity of response to 2854 -K illumination has been found to 
depend on the thinning process itself. Nonuniform thinning can result in bands 
of higher (or lower) sensitivity, which in some cases correlate with a light sur- 
face haze remaining after the chemical thinning. The uniformity of the imager 
response (and also of dark current) is determined by sampling each pixel video 



with a multichannel analyzer, and is defined as the standard deviation divided by 
the mean. This parameter is equal to 0. 19 at 5% of full well and 0. 14 at 50% of 
full well for a 2854-K source measured at 10 kHz and -40® C. Uniformity of 0. 08 

O 

both for 2854-K and 4000 -A radiation at 24® C have been measured in a device at 
the 20% saturation level (Table 1). Uniformity of dark current is 0. 96 at -40° C 
and 10 kHz. Device II is more uniform at 24° C but degrades at low temperature. 
It should be noted however that the array dark uniformity is affected by an appar- 
ent heating effect in the membrane from the on-chip load MOSFETs. 

Preliminary measurements of dynamic noise of isolated pixels using the 
balanced sample -and -hold amplifier indicated about 400 electrons of noise at 
1 MHz and -40° C, which is considerably higher than expected from a buried- 
channel device. More recent results (Ref. 9) using improved measurement 
technique indicate a noise as low as 67 electrons at 24° C and 1 MHz. However, 
even with a noise level of 400 electrons, the dynamic range of the imager is 
3500:1 (full well 1.6 X 10^ electrons with 7-volt clocks). 

IV. DISCUSSION AND CONCLUSIONS 

The performance of the 160 X 100 arrays appears sufficiently promising to 
allow fabrication of a larger 3 <l>, double-level imager of similar basic design. 
Fabrication of this array is in progress, and several problems peculiar to this 
0. 5 X 0. 5 chip have become apparent. Photomask perfection is extremely diffi- 
cult to maintain over such large areas, and a single defect in a metal level mask 
can cause a fatal intralevel metal short in the array. This problem can be mini- 
mized in slice processing but at the expense of additional steps. The integrity 
of gate oxide is important, since a 400 X 400 will have 101, 000 mil^ of thin 
oxide. Defect (pinhole) levels of <0. 5 cm^ have been observed on test slices 
using dry -wet-dry or HCf doped oxides. The integrity of anodic A ^03 is well 
recognized, but pinholes do exist and will give rise to interlevel shorts. This 
effect is minimized by the 0 . 05-mil overlap, but care must be exercised to 
maintain some overlap in order to allow buried-channel operation. These yield 
loss mechanisms are all expected to be of prime importance for the 400 X 400. 
The performance of such an array is expected to be comparable to that of the 
160 X 100. Uniformity of thinning and membrane planarity for areas near 1 cm^ 
may require further development, and some form of support for the membrane 
may be necessary to maintain planarity. The uniformity of response and of dark 
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current may also depend on silicon slice perfection and the effectiveness of bulk 
gettering over extended areas. 

In conclusion, the results presented have shown that the double-level ano- 
dized aluminum technique can be used to fabricate high-performance 3 $CCD 
imagers which operate at reduced temperatures and 10-kHz data rates. 
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Table 1. Performance parameters of twc buried- channel 160 X 100's 



I 

II 

CTE 

0. 9999 (7 -V clocks) 

>0. 9999 

Saturation level 

1. 6 X 10^ electrons at 7 V 

2 X 10^ electrons 

Dark current 

0.0078 nA/cm 2 (-40° C) 

— 


7. 8 nA/cm 2 (+24° C) 

6. 5 nA/cm 2 

Responsivity (2854 K) 

90 mA/watt (24® C)--No AR coating 

99 mA/watt 

o 

Quantum efficiency (4000 A) 

70% (24° C) 

10% (24° C) 

SWAR 



Parallel to serial 

40% 

37% 

Perpendicular to serial 

29%* 

41% 

Signal to dark current ratio 
(100-pJ/m 2 exposure for 5 
sec at -40° C) 

18. 6 

— 

Response uniformity 

0. 14 (-40° C) 

0. 08 (24° C) 


50% full well 

20% full well 

Dark uniformity 

0. 96 (-40° C) 

0. 24 (24® C) 


^Electronic limitation. 
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INTRODUCTION 


A. LARGE CCD AREA IMAGERS 

At the beginning of the JPL area imager program in 1 974, several CCD 
eevice processing parameters were not well known - in particular* whether a 
pixel size as small as 0.9 x 0.9 mil was possible for the double level electrode 
metallization scheme. Experience with the smaller 160 x 100 imager indicated 
that the problems could be solved but extension to the larger 400 x 400 proved 
to place severe restrictions on photomask quality. Nevertheless* it has proved 
possible* with extreme care in photomask production, to fabricate excellent 
quality 400 x 400 CCDs. In view of this achievement* the question arises as 
to the next size increment for an area imager. Factors effecting this step 
and recommendations based on experience gained during the JPL program will be 
discussed in this report. 

Several techniques are available to the large bar designer. For the 400 
x 400, Texas Instruments presently makes use of optical generation of photomasks 
which are then used in contract printing on either two inch or three inch diameter 
silicon slices. One alternate system for mask generation makes use of electron 
beam generated masks which are then usually followed by projection printing on 
the silicon slice. E-beam generation has been reported to yield a 'pe'fect' mask 
more readily than optical generation but at present Texas Instruments does not 
have the capability for e-beam generation for arrays as large as required for 
CCD Imagers. Use of projection, rather than contract printing, preserves the 
master mask from damage due to contact with the silicon slice. This damage can 
destroy a minute piece of geometry* and if the same mask is used again* may 
cause fatal defects in the CCD. Projection printing has not been used in the 
current JPL program because of the high cost and unavailability of such equipment 
for CCD fabrication. Projection printers are, however, in operation in other 
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processing areas at Texas Instruments. Their use for CCD processing should reduce the 
low defect density presently tolerated in the working. copies of the master photomask. 

Even if high quality photomasks for a larger device can be fabricated, the 
yield of defect free CCDs resulting from the MOS processing itself will be reduced 
from that for the 400 x 400. Fatal defects from processing (oxide pinholes and 
metal defects) have been controlled to such a degree that the present yield of 
400 x 400's on three inch silicon slices is about the same as that encountered early 
in the JPL program with the much smaller 160 x 100. Thus processing technology 
has improved significantly and the defect density for the 160 x 100 has been 
considerably reduced during this time. This impressive development provides a 
degree of confidence In going even further to an 800 x 800 although comparable 
improvements will be more difficult to achieve because the technology has already 
been optimized in several areas and little improvement is now expected without 
intensive effort. Alternate approaches to fabrication of a large monolithic 
imager are the two phase (20) CCD and electron beam processing. At the mid- 
point of the present program with JPL, a 30 imager was recommended for the 
400 x 400 because experimental results at that time for 20 CCDs were not 
impressive - in particular, a high CTE, 20 phase device had not been demonstrated. 

The situation is now somewhat more favorabe for 20 as will be indicated below 
and such an array should be reconsidered since it offers an overall size advantage. 

One of the major impact areas for large CCD imagers is in the field of solid 
state TV cameras. The resolution requirements for the commercial TV application 
requires an array about 612 x 360 and there is then no strong need to increase 
the array size except for the more limited high resolution applications. While 
development of an array about this size could benefit from parailed interest in 
entering the solid state TV camera market place and the resulting technical develop- 
ment which would occur, similar interest in larger devices, such as the 800 x 800 
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will be marginal and this could slow the general development of a monolithic 
device of this size. 

Since a CCD is a parallel-serial device, the information stored in the 
location farthest from the output must transfer many more times than that near 
the output. Unless the para) led charge transfer efficiency (CTE) is very high, 
this can lead to degredation in the array modulation transfer function (MTF) 
across the device. For the three phase 400 x 400 array, a maximum of 2400 
transfers are made which increases to 4800 for an 800 x 800. Since the MTF falls 
approximately as exp(-Ne) where N is the number of transfers each of inefficiency 
e, the array MTF uniformity required sets a limit on the array size. The parallel 
CTE for the buried channel 400 x 400 appears to be at least 0.9999 and may even 
be higher. Assuming 0.9999, the variation, corner to corner, across a 400 x 400 
wi I i be from unity to exp(-0.24) «* 0.79 or to exp(-0.48) ■ 0.62 across en 800 x 800. 

It is possible that a mosaic of 400 x 400's would give superior resolution uniformity. 

PRESENT IMAGER DESIGN 

The present CCD imager developed for JPL is a three phase 400 x 400 resolution 

element device with a resolution ceil size of 0.9 x 0.9 mil. This implies an 

active area of 360 x 360 mi) for the parallel section of the array. Output serial 

registers, including bus lines for interconnection take an area of 5 x 360 mil 

and parallel bus lines occupy 4 x 360 mil so that the relevant device area over 

which tight geometrical tolerances must be maintained in processing is 370 x 368 mil. 

Output amplifiers (reset switch and source follower) can be designed with somewhat 

2 

relaxed tolerances but the output circuitry only occupies about 8 x 8 mil at two 
corners of the array. 

In Figure I, the electrode structure of the three phase, double level aluminum 
CCD is shown. The most important geometrical factors are (1) a design overlap of 
0.05 mil for the second level over first level electrodes and (2) the 0.2 mil wide 



separation between each second level electrode. It is mandatory that some 
electrode overlap is maintained over the whole array to achieve good buried 
channel operation and the design of 0.05 mil is the minimum which cen be used 
if any overlap is to be expected after metal processing. The 0.05 dimension 
can be increased to relax processing and photomask tolerances but only at the 
expense of the separation of second level electrodes. Such a solution is not 
possible however because the 0.2 mil second electrode gap is the minimum which 
can be reliably opened using current aluminum wet etching techniques. Alterna- 
tively the overlap could be enlarged by increasing the pixel size which is also 
undesirable because it implies an increase in array area to maintain equivalent 
imager resolution. 

PHOTOLITHOGRAPHY 

The generation of photomasks for the 400 x 400 is performed by conventional 
optical techniques and has been found to require state-of-the-art fabrication by 
the Photomask Facility of Texas Instruments. The difficulties arise from 
1) the extremely tight tolerances (0.05 mil overlap) which must be maintained ever 
a large area (370 x 368ml 1), 2) the number of such bars which are stepped on the 
working photomasks and 3) the requirement for defect free mask geometry over 
large areas. 

The generation of photomasks for a CCD imager (see Figure 2) is initiated 
by generating a computer tape containing alt the design dimensions for each of 
the mask levels which will be eventually used in device processing. In the 
400 x 400 design, ten levels are designed which must be registered with each 
other. At the present time the size limitation in this design phase is a bar 
of 999 x 999 mil* Design of geometry involving 0.01 mli increments is possible. 
The computer tape,which has been iterated several times to correct design errors, 
is used in a D. W. Mann Pattern Generator to generate a master reticle containing 
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geometry of each required level, i.e., 10 reticles. Due to limitations in subsequent 
mask generation processes it is presently not possible to generate photomasks if a 
device is as large as the design limit of 999 x 999 mil. The nature of the limita- 
tions will be outlined below. 

The pattern generator can generate a reticle (geometry on a glass plate) as 

large as 4 x 4 inches. The reticle is then placed in a precision step and repeat 

camera with a reduction optical system of either 5x or lOx. The reduced image 

of the reticle (now the size of the final CCO) is imaged onto a glass plate which 

will be the master photomask and then this image is stepped and exposed again 

to generate an array of bars on the master. This master is then used in a contact 

printing to make working copies on glass plates which are used in device processing. 

At this step at the present time, there are two options available at Texas 

instruments. The first is to generate a 4" x 4" reticle which is reduced by lOx 

2 

to give a miximum working bar dimension of 400 x 400 mil . At the present time 
a 5x reduction lens, which could be used with a 4" x 4" reticle to give a 800 x 800 
bar is not available. Estimates of cost for such a lens (and camera) from Zeiss 
and Mann are well above $100K. The second option is to use a 2§ x 2^" reticle and 
reduce by 5x to obtain a maximum bar size of 500 x 500 mil. This is the technique 
used for the 400 x 400, which is therefore at the limit of present system capabi lity 
if a single reticle is to be used. As can be seen, the design of the bar must be 
limited to either 400 x 400 mil (Option I) or F00 x 500 mil (Option 2) rather than the 
999 x 999 mil design limit indicated earlier. A technique of generating more than 
one reticle for each level and then combining chem in the step and repeat camera 
to compose a larger bar, termed Reticle Composition, is possible. This will be 
discussed separately since the process is not now routinely used at Texas Instru- 
ments and is also of questionable accuracy if two regions containing fine geometry 
(as in the parallel section of a CCO) are to be hutted together. 
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The quality of the working photomasks strongly influences the quality of 
the processed CCD. Two quality factors have been found to be extremely diffi- 
cult to control. The first is related to the dimensional accuracy of each 
individual bar and the distance between each bar on the master photomask. Since 
the CCD process requires registration of ten photomask levels to each other on 
the silicon slice being processed and this mu.it maintain the design toleiances of 
0.05 mil, such dimensional variation is very undesirable. Absolute bar dimensions 
depend critically on :he focus of the optical system in the Step and Repeat Camera. 
It is difficult to maintain a given focus through 10 individual levels. Random 
mechanical errors in the step and repeat distance are specified as ± 0.015 mil 
but a highly experienced operator can usually improve on this by scanning in a 
preferred sequence. These factors can result in loss of electrode overlap from 
one corner of a bar to the opposite corner and also to an unacceptable bar place- 
ment error, particularly at the edges of the bar array on the 4 inch square photo- 
masks whicn are used for the 3 inch slice processing. At the edges of the array 
the limitations of the optical system become more apparent. The printing of 
working photomasks from the master mask can result in dimensional changes but 
this is generally not a severe problem. At the present time device yield does 
not appear to depend particularly on location, implying that acceptable masks, 
although requiring extreme care in fabrication, can be fabricated by the Texas 
Instruments facility. 

The second factor which is important is the random defect level in the 
array geometry. An example of this, is that the metal level patterning masks 
must have no accidental bridging in the parallel section of the array because 
such bridging will give rise to a fatal defect in the CCD where two adjacent 
metal electrodes will be joined. One such defect can be fatal. A defect in 
the reticle >s occasionally generated by the Pattern Generator but more usually 
particles in the photographic emulsions or chrome layers or Si^N^ defects 
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produce these effects. Hand crafting is used extensively for the 400 x 400 
masks and even so, it is extremely difficult to obtain zero defects for all (21) 
of the bars used for 3" slice processing. These problems will increase as the 
area of the bar increases, but there will be a corresponding reduction in the 
total number of perfect bars which are required to fit on the silicon slice. 
However, the reduction in total bars processed for a given number of slices will 
of course, stror ly impact the total device throughput. 

ELECTRON BEAM GENERATED PHOTOMASKS 

An electron beam can be focussed to a spot a few hundred angstrom units in 
diameter and then used to expose and define fine geometry in special e-beam 
resists. It is possible to generate excellent quality glass photomasks using the 
e-beam rather than using the more conventional optical techniques described above. 
For this particular CCD application, the array geometry would be about the same 
dimension but it appears that master masks of higher perfection can be generated 
using e-beam technique. These master masks are then used directly in a projection 
printing mode so no damaging contact with silicon slices occur in processing. At 
the present time Texas Instruments does not have the capability of generating 
masks of the size used for the 400 x 400 CCD imager. Smaller devices have 
successfully been made using e-beam masks and conventional M0S processing. It 
is expected that the capability for large bar generation will be developed. 
However, it is not clear what the size limitation will be, but it should be 
greater than 500 x 500 mil since the device pattern is written directly on the 
mask. 

Due to the shorter wavelength of the electron relative to that of the UV 
optical radiation used in conventional optical photomask generation, much smaller 
geometry can be successfully defined by the e-beam. Features of I urn are 
easily achievable. Therefore, a CCD with much reduced pixel dimensions - perhaps 
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0.1 x 0.1 mil , can be designed. Such patterns may be directly written in special 
resist which is on the silicon slice itself although special processing is then 
mandatory to transfer the resist geometry to the silicon. Many of the techniques 
using the e-beam machine and subsequent device processing, are under development 
at Texas Instruments as well as in other laboratories. A review of Device 
Lithography, as well as several papers on the various approaches, has recently 
been published in the IEEE Transactions on Electron Devices, July 1975* For 
the above pixel dimensions a three phase 1000 x 1000 array would occupy 100 x 100 mil, 
but significant development will be required in processing for such a device. 

RETICLE COMPOSITION 

This is a process to overcome the 500 x 500 mil limitation on the size of 
the CCD bar (i.e., the present limitation to a 2| x 2fc" reticle and a 5x lens). 

The process is not currently in use at Texas Instruments although Reticle Composi- 
tion was used several years ago to fabricate successfully the photomasks for a 
linear 500 x 1, CCD shift register. 

In the process, the computer tape from the design phase generates more than 
one reticle on more than one glass plate at the Pattern Generator. The final 
bar is composed from the reticles by appropriate placement at the Step and 
Repeat Camera. This would ailow a significant increase in active array size, 
except for the difficulty of exactly joining the fine detail in the array on each 
reticle to maintain continuity of the mask geometry. Registration between levels 
would be even more difficult since the reticles of each le/el are composed 
separately. It is not thought possible to successfully use composition in the 
parailed section of a 0.9 x 0.9 pixel area imager. Such composition may be 
possible however, for CCDs which do not ha.e such tight tolerances such as some 
single level designs. An alternative which is more realistic, involves firstly 
an array design which confines all fine geometry (containing ail 0.05 mil tolerance) 
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to less than 500 x 500 mi! so it can be put on a single reticle. This means 
approximately a 550 x 550 pixel array. Wide ( > 1 mil) metal leads are extended 
away from the array about 2.5 mil to reach the 500 x 500 mil bar limit. Four 
more reticles, containing the continuation of these wide leads to band pads some 
50 mils away are generated separately and the total bar composed in the Step and 
Repeat Camera. The composition errors are not as important now since the geometry 
to be butted is large ( > 1 mil) and continuity of the bond lead should be 
maintained without much difficulty. 

Since reticle composition is a non-standard process, fabrication of masks, 
although feasible with existing technology,wi 1 1 require longer and be somewhat 
more expensive than has been the case with the 400 x 400. 

PROCESSING LIMITATIONS FOR LARGE CCD IMAGERS 

For the three phase, double level CCD imager there are two failure modes which 
significantly effect device yield after processing. These ere pinholes in gate 
oxide and metal defects in the electrode structure. It has been determined from 
400 x 400 and 160 x 100 data, that oxide pinholes are generally not random. That 
is, there is not a single area dependence of pinholes, as the size of the CCD array 
is increased. This means that the larger CCDs are not as difficult to make (only 
as regards pinholes) as would be expected on the basis of data on smaller area 
devices. Present results on the 400 x 400's suggest that it will be possible to 
fabricate a 550 x 550 with significant less yield loss than would be predicted 
fron only the 2x gate oxide area difference between them. Extension to an 
800 x 800 seems possible also from this viewpoint. 

The second loss mechanism for the 30, double level metal CCD is metal defects, 
either interlevel or intralevel. The former results from pinholes in the interlevel 
isolation dielectric (A^Oj) and the latter from random photoresist or photomask 
defects or etching non-uniformities during metal patterning. Both are fatal for 
the CCD and presently are the most significant loss mechanism in 400 x 400 processing. 




It ts not possible to isolate the two types of metal defect with dc probe data 
for the double level, 30 design. Experience with both the 160 x 100 and the 
400 x 400 suggests that the loss due to these defects at the present level of 
technology is approximately proportional to the electrode area. At this time, 
the loss which we would predict for a 800 x 800 would prevent good bar fabrica- 
tion. A 550 x 550 may be possible, but the yield would be reduced with current 
technology. 

For the 400 x 400, about 20 bars are processed on a 3 inch diameter silicon 
slice and 6-7 on a 2 inch diameter slice. Present experience is that 3 inch 
processing is very desirable simply due to the larger number of bars which can 
be processed for a given number of slices. At present, twenty slices form a lot 
for processing on three inch material and ten slices for processing two inch. 

The number of bars are 400 versus 60. For a 550 x 550, we believe that three 
inch processing will be mandatory and then only about 10 bars per slice will be 
possible. For an 800 x 800, about 6 bars per slice seems achieveable. Even if 
the percentage device yield is not decreased (although in practice it will be 
however), this means that more than three times as many slices must be processed 
for a comparable number of 800 x 300's. A significant increase in the number 
of slices in processing would be mandatory for an 800 x 800 and even for a 
550 x 550. 

The pixel size of an imager can be reduced if two phase clocking is used to 
transfer charge rather than the present three phase method as in the 400 x 400. 
Recent results at Texas Instruments for a proprietary, 2 phase design, limear 
array indicate that buried channel operation with high CTE ( > 0.9999) can be 
achieved. Early 20 CCDs had poor CTE which made them look unattractive for 
large area imagers. The pixel size for a 20 imager would have to be no larger than 
0.6 x 0.6 ■ 0.36 mil in order to fabricate an 800 x 800 device within the 
present 500 mil bar limitation In the photomask shop. This could possibly be 
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achieved but certainly it will b» at the expense of full well capacity. This 

latter is a feature of all 20 designs which must have a built in potential 

assymetry for directionality of charge transfer under one electrode. This 

reduces full well capacity under this electrode by 30-50%. High CTE, buried 

channel) 20 CCD registers) using pixel of 0.8 x 0.5 mil have been successfully 

operated at Texas Instruments. Present development is aimed at an operating 

register with a 0.6 x 0.3 mil pixel. Therefore, a large 800 x 800, 20 array 

2 

with a pixel less than 0.36 mil could readily be designed and would appear to have 
good probability for excellent performance. An additional advantage of the 20 design 
is that each phase is entirely on the same level of electrode metallization so 
that intralevel shorts are rot longer fatel defects. However, a successful, 
large area 20 array has not been built at this time. Nevertheless it seems to 
offer an excellent possibility of increasing the pixel density and providing a 
higher yield device. 

ALTERNATIVE APPROACH TO LARGE ARRAYS-MOSAIC 

An 800 x 800 CCD array can be achieved by placing four 400 x 400's in close 
proximity along two edges as indicated in Figure 3. In this arrangement there 
will be some loss in active area between each 400 x 400 which can be minimized 
by arranging the read out direction as shown. The 400 x 400 was designed so 
that the silicon chip can be operated using band pads on only two sides of the 
array so that the remaining two sides can be sawed to within several mils of the 
edge of the active area of the array. These sides may be then joined as shown. 

The total composite would be about 840 x 840 mils with an insensitive area of 

2 2 
about 29,000 mil compared to an active area of 518,000 mil ,i.e.. a loss of 6 7,. 

Each array would probably require a thick silicon rim only about 5 mil in width 

along the two sides which were sawed and the thinning window itself would require 

very sha-ply defined edges to maintain response uniformity to the last active line 

(or column) of the imaging section. Both these conditions appear at present to 
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be more readily achievable than the fabrication of a high performance monolithic 
800 x 800 even though development will be required in mechanical sawing and 
etching control. 

SUMMARY AND RECOMMENDATIONS 

The extension of the present 400 x 400 CCD imager to a larger number of pixels 
will almost certainly result in some increase in device loss due to (a) photomask 
perfection and (b) processing induced fatal defects. As outlined in this report, 
these loss mechanisms are related to (a) the design tolerances and (b) general 
difficulty involved in processing very large M0S devices. Developments in array 
technology, possibly with the consideration of alternate CCD structures will be 
required to offset area increases and an increased number of silicon slices will 
need to be processed to achieve high performance in the final CCDs. 

it does not appear that the present 400 x 400 can be increased in size to 
any significant degree using identical photomask technique to those being used 
to fabricate the present CCD imager. 

The following discussion will give, in order of difficulty as seen at the 
present time, the preferred steps to increase the area of a monolithic CCD 
imager. 

1. If a modest increase in size is required, for example to 550 x 550, reticle 
composition can be used with a high degree of certainty to compose the bar. 
Maintaining acceptable overlap tolerances over a larger will be however 
increasingly difficult. In the opinion of the Photomask Facility it should be 
possible, however the level of confidence is not 100%. The impact of processing 
induced defects will be important and wilt effect array performance in so far as 
less devices will be available from which to select arrays with optimum values 
of many parameters. Current array technology should however be adequate with 
some further development. 
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2. For an 800 x 800 imager, conventional photomask generation can be used only 
if a new optical lens system becomes available. If this occurs, the overlap 
tolerance required will be a severe problem which is difficult :o discuss since 
extrapolations to this size are not expected to be reliable. Processing loss 
would be high and at the current level of our technology, the number of good devices 
processed is predicted to be insufficient to deliver high performance imagers. 
Significant increases in the number of slices processed would be mandatory since 
the bar would be about 820 x 820 mils. Use of projection printing to maintain the 
mask quality once masks were generated, would be very desirable. 

Prior to the design of such a bar, consideration should be given to processing 
advantages of alternate electrode structures which eliminate intralevel metal 
shorts as fatal defects. It is also recommended that the reduced area of a 20 
array design be considered since processing yield will certainly be enhanced by 
a smaller area device. 

3. If the mosaic of four 400 x 400's is acceptable, this solution to the problem 
of large number of pixels appears to be more readily achieved than a monolithic 
800 x 800. Predictions can be made with some degree of reliability from current 
experience with the 400 x 400. The sawing of the CCD close to the active area 
does not appear to be inherantiy difficult. The key problem in minimizing dead 
area between the 400 x 400's is to obtain a sharp edge at the thinning window. 
Techniques to do this are presently under development. 


li-13 



B. SHORT WAVELENGTH RESPONSE OF BACKSIDE ILLUMINATED IMAGFRS AND 
PREDICTED LOW LIGHT LEVEL PERFORMANCE. 

One feature of the backside Illuminated mode of CCD imaging is 
that optical radiation is incident on a uniform etched silicon surface. 

In some respects this provides superior performance to the front side 
illuminated CCD where interference effects in the electrode structure 
(which is partially transparent) and in the protective overcoat layer 
give non uniform spectral response. Electrode absorption can also limit 
responsivity. The recently developed transparent electrodes of Indium or 
Tin oxide may have less absorption but localized absorption bands could 
be present. The responsivity to broad band 285k°K radiation of Texas 
Instruments, backside illuminated imagers is routinely in the range 70-90 
mA/watt, about a factor of two higher than frontside illumination with 
the more widely used polysilicon electrodes. Peak quantum efficiency is 

O 

65-70% at about 7000A with no ant i ref lect ion coating. Optimum backside 
accumualtion can result in 65 % quantum efficiency at kOOOA for such 
imagers. 

The performance of the backside illuminated device is particularly 
sensitive to (a) thickness uniformity of the thin (~10um) membrane, 

(b) backside accumulation profile and (c) long term stability of the 
etched silicon backside surface. The short wavelength (kOOOA) responsivity 
of the imagers has been found to depend stronqly on these parameters and 
to show a fairly wide spread in absolute magnitude and uniformity, figure 
k shows representative data for the best and average spectral response 
per 160 x 100 CCD's. Only a limited amount of data is presently available. 
The high quantum efficiency at k000& in the best devices suqqests that 
useful response could be obtained at even shorter wavelengths than k000&. 
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However, extension of measurements below 4000A has not been made at the 
present time to determine how rapidly the QE decreases. At the present 
time experience with 1 60 x 100's indicates that the 65* blue response can 
not easily be achieved on a routine basis due to difficulty in controlling 
the (proprietary) Backside Accumulation Process. Experience indicates 
that a more representative number for the QE at 4000A, which can be achieved 
with a greater degree of certainty, is in the range 10-30*. Since 400 x 
400 imagers are available in reduced numbers compared to the 160 x 100, due 
to processing induced defects, there are fewer of these large devices from 
which to select the arrays which come closest to the goals set out in the 
specifications. Therefore at the present time it seems reasonable that 
the 400 x 400' s will have QE (4000A) between 10 and 30*. Further develop- 
ment is necessary to increase the control and reporducibi l i ty of the 
thinning/backside accumulation process. This is recognized as a key problem 
area for both EBS and direct view CCO imagers and is the focus ot an internal 
program in the Central Research Laboratories. High ( ;E at short wave- 
lengths will be a (strong) function of the etched membiane surface 
potential as well as the accumulation profile and a surface passivation 
layer to fix the potential at the desired point will be highly desirable 
to maintain stability. A layer of silicon monoxide should be adequate 
and will also provide an AR coating to further improve response at the 
desired wavelength. 

The longer term goal of extending CCD response to about 2500A would 
appear to be very difficult with present technology using a direct view 
sensor i.e. where the optical input occurs directly onto the silicon 
membrane surface. Further development may allow reprodiic i h 1 «• results 
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in this range but surface conditions will be critical since the absorpiton 
length at 2500A is < 0.01pm, and the response is predicted to be very 
small. As indicated above no experir jntal data is abailable for the CCD's, 
due partially to the unavailability at Tt of light sources and calibrated 
detectors in this spectral region. A much more promising approach to 
achieving high performance In the near UV Is to fabricate an EBS (electron 
beam scanned) imager, where the optical input is made to a photocathode 
which then generates electrons that are accelerated by at 10-15 kV 
potential to impact the CCD backside surface. Gains of 1000-2000 may 
be achieved in such an EBS mode. Recently a successful EBS tube has been 
demonstrated by NASA Goddard and by the Night Vision Laboratories using 
Tl 1 60 x.100 CCD area imagers. Several photocathode/window combinations 
are available with response In the UV spectrum. The Tri-alk/SiO^ has a 
QE of 20$ from about 2500A to 5000A while a Bl-alk/MgFj has QE > 10$ from 
about 1A00A to 4000A (Figure 5). None of these have good response out to 
9000A however. 

An extensive study of the low light level (LLL) capabilities of both 

the direct view CCD and EBS CCD has been made by Texas Instruments for 

the Night Vision Laboratories (Contract DAAK02-7 i *-C-035O) . The resulting 

comparisons are important since they indicate that at low light levels, 

•7 2 

(abou ; 10 ' watts/meter ) the EBS sensor out performs the direct view 
sensor even when the latter is cooled to 210°K. 

S'nce this discussion is concerned only with the ultimate results 
of this study,only a brief summary of these calculations Is presented and 
then representative results are given - a detailed discussion is given in 
the above mentioned NVL Final Report. The LLL imager performance for a 
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CCD is based on a psychophysical model due to Rosett and Willson (Series 
of Reports from Westinghouse Defense and Electronic Systems to AFAL-TR-72- 
279, AFAL-TR-73-260 and AFAL-TR-74-1 Oh) for conventional imaging tubes. 

A displ.y signal to noise ratio P^ for imaging a black and white bar 
pattern is defined as 


where - number of signal photoelectrons - 

/ N„... * equivalent number of photoeiectrons generated within the 
MAX MIN 

image of a bright/dark bar during eye inteqration time 

V 

« equivalent RMS number of noise electrons/bar image averaged 

over a bar pair and integrated over i g . 

N r B N A v - N ul ., can be expressed in terms of the modulation transfer 
5 MAX M I N 

function (MTF) or square wave fiux response of the system at spatial 
frequency f and the average number of signal photoelec r rons generated 
within the image of a bar during the integration period T , averaged over 
a bar pair, . 

/ 2 2 

N can be written as N « C N UD + N ) where N.._ is photoelect 
n n Nr ns Nr 


ron 


noise due to optical input and N ng is system noise. N pp * and N ns 
is the equivalent RMS noise electrons per bar added to the video so 
thn N n « b ( n av + N ns)^ The OI,erator B takes i .to account changes in 
total noise produced by the system MTF's and is discussed in the NVL 
Report. Rose! I and Willson showed in a series of experiments that a bar 
pattern imaged on the sensor can just be resolved by an observer looking 
at a display when for that pattern and sensor combination is aoout 2.S. 
The observer was allowed to adjust display contrast. In the CCD analysis 
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P h is conservatively taken as 3.0. The results presented below therefore 
show at what light level a displayed bar chart pattern of frequency f can 
be resolved by an observer i.e. at what light level a Pp of 3.0 is achieved 
for a particular f. f will not be given in line pairs/mm but rather in 
TV lines/picture height by multiplying by two times the CCD photosensitive 
height in mm. This was done to make the graphical data compatible with 
earlier work. 

In order to express the total square wave flux response of the system 
at the bar chart frequency f, in terms of the total system MTf^ expressions 
for the following components are obtained 

(1) Diffusion MTF 

(2) Secondary generation MTF (EBS only) 

(3) Pixel collection MTF 
Transfer MTF 

(5) Lens MTF 

(6) Tube pretarget MTF (EBS only). 

Diffusion MTF represents the loss in resolution due to photocarrier 
diffusion in the silicon substrate of the iCD prior to collection in 
specific pixel depletion wells. In the EBS CCD, secondary generation in 
the silicon from the high energy ele trors can cause additional charge 
spreading in the silicon. Pixel collection MTF accounts for the uncertainty 
in position which a photoelectron experiences due to discrete nature of 
the collecting depletion regions. Transfer MTF represents loss due to finite 
r~e toss while lens MTF accounts for lens degradation in the imaging 
system Tube pretarget MTF accou<..s for loss in th® photocathode/window 
and electro.) optics ahead of the CCD. 
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The noise model for CCD's includes, 

(1) Photon noise (shot noise) 

(2) Fat zero noise 

(3) Dark current noise 

(4) Fast interface state noise (N„_) 

(5) Bulk trapping noise (N^) 

(6) Amplifier noise 

(7) Fixed pattern noise 

Expressions for these noise components are fairly well known and will 
not be discussed here. 

Five different types of CCD imagers were analyzed by computer usinq 
the display signal-to-noise ratio model described in the preceding 
sections to predict limiting resolution versus illumination level. More 
precisely, five different applications of the same CCD array in imaqe 
sensor configurations were analyzed: 

(1) Direct-view CCD sensor, cooled to T = 210 K, with responsivity 
of 90 mA/W for 285** K illumination = 5.6 mA/&m; 

(2) Proximity-focused EBS-CCD tube, ope.atinq at T = 300 K, with 
S-20 extended red response photocathode (responsivity of mA/W 
for 285** K illumination = 440 yA/?.m) ; 

(3) Proximity-focused E8S-CC0 tube, at T * 300 K, with GaAs photo- 
cathode (responsivity of 6.k~A/W for 2854 K illumination = 390 
pA/Jlm) ; 

(4) EBS-CCD inverter tube, at T = 300 K, with 25 mm S-20 extended 
red response photocathode; 

(S' rr *-CCD inverter tube, at T = 300 K, wilh 25 mm GaAs photocathode. 


!M l > 



The CCD array assumed for each of these applications is a thinned, rear- 

illuminated (or bombarded), 500 x 500-element CCD with a 3:^ aspect ratio, 

operated in the frame transfer mode with 2:1 interlace (resultinq in a 

possible 500 displayed TV lines). The pixel dimensions are assumed to be 

0.9 mil by 1.35 mil, resulting in an active sensor diagonal of 1*».3 mm. 

Figure 6 and 7 show two representative plots. Figure 6 shows the 

limiting resolution for a 500 x 500 including system noise and MTF effects 

for a direct view sensor operating at 210°K with an amplifier dynamic 

noise of 30 electrons. At this temperature the electron generation is 

so low for the frame times used that at low light levels amplifier noise 

dominates. Two types of EBS CCD (gain 2000) are shown for 300°K and a 

CCD amplifier noise of 150 electrons. For the direct view sensor at low 

light levels the limiting resolution decreases linearly with irradiance 

due to amplifier noise limitation. Increasing amplifier noise to 100 

electrons will reduce resolution in this ranqe by 3*3- 

Relevant parameters used for the calculation are 

J Q = 10 nA/cm 2 at T = 300K 

N^,. = 0 (Imagers buried channel) 

T =0.1 sec. 
eye 

T FRAME = 33 msec frame ) 

Bulk trao density = 0. 

Lens cutoff = 150 lp/mrn 

CTE « 10~ 5 (500 x 500) 

lO" 4 (160 x 100) 

Figure 7 shows calculations for a 1 60 x 100 imaqer, with 0.0 mil square 
pixels, full frame moJe (sensor diaqonai ?i.3mm). All other parameter are 
the same as for Figure 6 except that the EBS qain is 1000 . The Nyquist 
limit is now 1',D TVL/PH for the smaller device. Fiqure 8 shows the effect 
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of adding fixed pattern noise to the Figure f> case. A fixed pattern 
noise of 30 electrons/pixel/frame is added to the direct view sensor 
and 1000 electrons to the EBS CCO. An example of this type of noise is 
dark current spikes across the array. 

The data presented allow an indication of the performance of EBS CCD's 
relative to direct view CCD's which shows that the EBS mode is expected 
to be superior at irradiance levels below about 6 x 10 ^w/m^ . While 
S20 photocathodes were used in the calculations, results for UV sensitive 
surfaces can be inferred to be similar from available photocathode OE's. 

In summary the calculations show that an EBS CCD offers advantages 
in low light level applications in the visible which should also apply in 
the UV. The technology for puttinq a CCD in a tube has been demonstrated 
elsewhere. The curves presented represent limitinq resolution as deter- 
mined by observing a display of the CCD imaqe (the P^ = ? point). If 
the image is computer processed prior to image presentation, it may well 
resu . t in lower values of P^ at threshold than indicated here. 

APPLICATION TO 400 x UQO CCD IMAGERS 

The key problem in using the CCD in a low light level application appears 
to be in the uniformity of response of the device. Variations for the 
Tl CCD's, as defined by the standard deviation divided by the mean of 
the pixel response of the total number of pixels in the device can be as 
low as 83; for broad band 285**°K radiation. The uniformity is general lv 

O 

degraded to some extent at *:000A, but toe best devices show fr^m 10-1 5^ 

O 

at 4000A. These uniformity figures generally do not result from isolated 
blemished pixeis but rather from monoton'c variations in re ponse over the 
active CCD area. It appears that much of the response non uniformity is 
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related to non uniformities in the membrane after thinnlnq. These can be 
.ion uniform silicon thickness near the edges of the thinning window, sur- 
face contamination or spatial variations in the degree of accumulation at 
the surface. This set of inter-related effects is presently the limiting 
factor in using CCD imagers ac low light levels (both direct view and FBS) 
and is the focus of a Tl internal program to continually increase CCD 
imager quality. Results of this program will be progressively incorporated 
into the CCD's made for JPL in the latter part of 1975 and it is expected that 
these results will significantly improve uniformity of response. 

Although the EBS CCD offers the best low light lev_l performance, the 
task of putting a large CCD in a tube is by no means a simple one. While 
this has teen demonstrated initially, man/ questions remain unanswered con- 
cerning tne ultimate imaging characteristics of the EBS CCD. For the direct 
view device, the dynamic noise from the output amplifier ultimately provides 
the limiting factor at low light levels. Presently the 400 x 400 has an 
output amplifier consisting of a buried channel reset switch and either BC 
or SC source follower. 

It appears that the dynamic noise, measured on a single pixel using the 
correlated double sampling technique, is 70-150 electrons. These measurements 
are taken with a data rate of 1 MHz at 24*C. Measurements at 10 kHz should, 
however, be performed to allow low frequency characteristics of the M0SFET 
follower and of the CCD bulk trapping noise and circuitry is presently being 
assembled to attempt these measurements. The difficulties are related to 
the 16 sec frame time required to obtain a single sample. About 500 samples 
will suffice for a representative noise distribution. 

It appears that buried channel source follower M0SFETS have lower noise 
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than surface channel devices. The lowest noise output amplifier appears to 
be buried channel reset and follower and the noise level (measured on isolated 

i 

MOSFETS) is about 30 electrons. Changes in dimensions of the source/drain 
diffusions may allow some reduction in MOSFET noise, but this improvement has 
not been demonstrated. The measured noise levels of about 100-150 elections 
from the CCO probably indicate bulk state trapping noise, although identification 
requires more data than available at present. Lower amplifier noise will pro- 
bably require further development. 

A program to develop low noise CCD 

amplifiers is currently in progress at Tl. Floatirg gate amplifier designs 
are being investigated as well as on chip amplifiers to provide modest ga : n 
of 2 - 4X. The results of this program would be available on a continuing 
basis to impact future JPL designs. 

In summary, it *s proposed that (a) improvements should be made initially 
in response uniformity to eliminate spatial 1 fixed pattern' noise and (b) that 
the dynamic noise sources be fully characterized for the 400 x 400 array, 
preferably at 10 kHz data rates, using the present precharge output amplifier. 

It is particularly important that such measurements be made, so that develop- 
ment of the total CCO imager can be, at least initially, concentrated in 
those areas most requiring optimization. 
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Figure 1, Schematic of thinned, backside illuminated 
buried channel CCD. 
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Figure 2. Representation of Photomask Production 
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Figure A. Spectral responsivity of near -ideal ,md typical thinned Lack s>idr 
illu.i .inate-d CCD area u. lagers 
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Figure 5. Quantum efficiencies of different photocathode/window combinations 
as a function of wavelength (Transmission of the earth's atmosphere 
as a function of wavelength is also presented. ) 
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Figure 6. lirr.i*inc resol'.it on with System Noise and MTF e r fect 
included. Vertical bar; in test pattern. 
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□ Di.jct-View CCD, T = 210 K. N =30 Electrons 

na 

O Proximity-Focused EBS-CCD, S-20 Photocathode 

A Proximity-Focused EBS-CCD , GaAs Photocathode 

4- Inverter EBS-CCD, 25 mm S-20 Photocathode 

X Inverter EBS-CCD, 25 mm GaAs Photocathode 

Figure Limiting resolution for 160 x 100. Full frame, interloped, 
3:1 integration to read out time ,-atic. 
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Figure 8 . 


Variation on Fioure 6 with fixed pattern noise included. 


